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CHAPTER 1

PRIME FOCUS FEEDS - A REVIEW

1.1 INTRODUCTION

Receiving station atennas for use in the 12-14 ghz. band direct
television satellite broadcast service are envisoned to use small para-
boloidal reflectors illuminated by a simple prime focus feed for economical
reasons. Although simplicity and cost are dominating factors the required
prime focus feed paraboloidal antenna system is required to have a
relatively high level of performance as regards low sidelobe levels,
low cross-polarization, and high aperture illumination efficiency.
Typical performance features are first and second sidelobes below -30
dB. with the remaining sidelobes below -40 dB., aperture illumination
efficiency of 65% to 70%, cross-polarization below -30 dB. for
frequency re-use applications, a bandwidth of 5% and an input VSWR
of 1.5 or less. The last requirement, an input VSWR of less than
1.5, can be readily met by using well known matching techniques since
the bandwidth of operation is only 5%. The requirement of low sidelcbes
can be met by using a sufficiently large amount of edqc taper in the
aperture illumipation but at the expense of reduced aperture illumina-
tion efficiency. In theory sidelobes below -30 dB. and an aperture
efficiency as high as 80% is realizable but not necessarily by any
presently known simple feed structure. For example, with an aperture
illumination function 1/7 + 6/7 (1-r2)2 where r is the normalized
aperture radius the aperture efficiency is 71% and the largest sidelobe
is -33.22 dB. below the main lobe peak (Kouznetsov, 1978). If a parti-

cular feed is chosen it will have its own characteristic radiation




pattern and when a paraboloid with the correct £/D (focal length/
diameter) is chosen so as to meet the sidelobe specification there
is no control over the aperture efficiency that can be obtained.

low cross-polarization is obtained from feeds that have rotation-
ally symmetric radiation patterns, which implies equal E- and H-plane
patterns. Feeds with rotationally symmetric patterns yield higher
aperture efficiencies gsince the amount of taper in the illumination
that is required for a given sidelcbe level is the same in all pl >s.
A feed with an unsymmetric pattern generally leads to wore tapering
than desired in one plane in order to achieve the required sidelobe
level in the plane with the least amount of taper. Feeds that will
result in secondary patterns with sidelobes below -30 dB. usually pro-
duce an illumination edge taper of -15 dB. to -20 dB. and as a result
exhibit very little spill owver loss. A feed that produces very little
cross-polarized radiation also leads to increased efficiency since

there is less unwanted radiation in the polarization not used.

1.2 PRIME FOCUS FEEDS

Two basic approaches have been used to design feeds with rotationally
symmetric radiation patterns. One approach is based on exciting the
correct mixture of TElm and TMlm modes in a circular waveguide, conical
horn, or coaxial waveguide structure while the other is based on the
use of a corrugated waveguide or horn that will support a dominant HI-:l1
hybrid mode that radiates a rotationally symmetric pattern. Feeds based
on both design principlcs have been considered by various authors and a
reasonably complete review is given in a recent paper (Clarricoats and

Poulton, 1977).
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Figure 1.1 illustrates several feed configurations that can yield a
cross-polarization of order -30 dB. or less. The corrugated horn, first
introduced by Kay (Kay, 1964), in Fig. 1l.la normally produces a beam that
is too directive for a paraboloid with an angular aperture greater than
130°. Wood reports that R. W. Ashton found a cross-polarization ranging
from -30 dB. to -50 dB. for a 2.5° corrugated horn as the aperture
diameter was varied from 1.5 to 10 wavelengths (Wood, 1980). For the
90° corrugated horn shown in Fig. l.lc Hockham found that the peak
cross-polarization level was around -26 dB. (Hockhan, 1976) . The mea-
sured on axis cross-polarization was -32 dB. The 90° corrugated horn
has also been examined by James (James, 1977). It was found that
using only a flange of radius 1.7 cm. on a circular guide of radius
1.34 om. a cross-polarized radiation level of -26 to -29 dB. over the
pand 7.5 to 11.5 ghz. could be achieved. With the addition of 1 slot
the cross-polarization was -25 to -26 dB. and with 3 slots it was .

-26 dB. to -28 dB. over the same band. The advantage of corrugated
structures is the relatively large bandwidth but the cost is a rather
heavy feed that is difficult to construct. The dual mode horn of
Potter (Potter, 1963) shown in Fig. 1.1d and its variation shown in
rig. 1l.le and due to Satoh (Satoh, 1972) can produce very low cross-
polarization over a bandwidth of a few percent when the step at the
throat or the dielectric insert is properly adjusted to produce the
optimum ratio (moding ratio) of the TEll and Tﬂll modes in the aperture.

The horn is excited by the TE_. mode in the input waveguide while the

11

TMll mode is excited parasitically by the discontinuity.
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(a) Corrugated horn {(b) Corrugated waveguide

E
E

(c) Corrugated 90° horn

(e} Dual mode horn of Satoh.
(f) Coaxial feed due to Koch.
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(g) Coaxial feeds studied by (h) Coaxial feed (i) Alternative
Scheffer. studied by Kumar. feed due to
Kumar.

Figure 1.1 - Low cross-polarization feeds.




For paraboloids with large angular apertures the horns are too
directive and the coaxial waveguide feeds shown in Fig's. 1l.1f- are
more suitable. The feed in Fig. 1.1f is relatively complex and is
described by Koch (Koch, 1973) and can yield a high aperture efficiency
as well as low cross-polarization (-35 dB. or better). The feeds in
Fig's. 1l.1g and 1.1h have been studied by Scheffer and also by Kumar
(Scheffer, 1975; Kumar, 1978). In an experimentally optimized two coaxial
waveguide feed kumar reported a cross-polarization of -30 dB. to -31 dB.
over a band from 8 to 9 ghz. This feed has the configuration shown in
Fig. 1.1h and would be a multi-mode feed because of the excitation of
many modes in the aperture. The feed shou. in Fig. 1.1h is also due to
Kumar and has a comparable performance (Kumar, 1976).

It is worth mentioning that a circular wavequide operated with the
TEll mode close to cutoff (diameter equal to 0.7 Ao) has a low cross-
polarization. Wood states that cross-polarization of -48 dB. is predicted
using the approximate E and H aperture field method to compute the radia-
tion pattern (Wood, 1980, p. 110). The cross-polarization level was

computed for a TE, , mode in a circular waveguide with a radius of 0.36

11
Ao and found to have a cross-polarization peak of -40 dB. at 8 = 45°
and a second peak of -32 dB. at 8 = 90° (see Figure C3). The computa-~
tion was based on the E-H aperture field method. Although approximate
methods for calculating the co-polarized patterns may be quite accurate
these methods usual. il to give good results for the cross-polarized

pattern which depends un the difference in the E- and H-plane patterns

and hence show large errors for small errors in the principle plane

patterns.




When the exact solutions for the radiation from the TEll circular wave-
guide mode, (as given by Weinstein) is used the predicted peak cross-
polarization level varies from -22.5 dB. to-30 dB. as the diameter varies
from 0.64>\° to l.lko according to James and Greene (FJames and Greene,
1978) . For a dipole excited circular waveguide it has been found
thatbthe cross-polarization was dependent on the length of the guide
also (Hansen and Shafai, 1977). With a waveguide 2\ long and a 0-7'X°
diameter the cross-polarization was computed numerically to have one
peak of -37 dB. and a second peak of -33 dB. at 8 = 90°. With a BAO
long guide the cross-polarization was about 3 dB. higher. It was also
noted that the cross-polarization was dependent on the wall thickness.
It is thus apparent that a number of factors enter in that can result
in the cross-polarization for an actual feed to differ from that coméuted
theoretically for an idealized model.

Although the circular waveguide excited by the TEl1 mode can yield
low cross-polarization the radiation pattern is very broad so this feed
is useful only for paraboloids with a iarge angular aperture approaching

180°.

1.3 OVERVIEW

The reported experimental results for the coaxial waveguide feeds
were deemed to be sufficiently attractive to warrant carrying out a
complete analytical study to fully assess the merits of such feeds ard
to obtain design information. The feed chosen for detailed analysis
is the "long-cup" coaxial dual-mode feed shown in Fig.l.2a. The para-
meters were restricted such that in the input guide and coaxial section

only the TE . mode propagated while in the output guide both the TE11

11

and TMll mode could propagate. An exact analytical solution for this
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feed was obtained and from this optimum design data and performance was
derived. A spot frequency cross-polarization as low as -58 dB. was
predicted along with a bandwidth of around 5% for cross-polarization
below -30 dB. Experimental results are also reported that shows that
a feed of this type when used with a suitable paraboloidal reflector
will have sidelobes below -30 dB. and a secondary radiation pattern
with a cross-polarization below -30 dB., including the effects of
scatter from the support rods, aperture blocking, etc.

Some experimental work was also done on the "short-cup" coaxial
feed in Fig.l.2b and the results obtained are in accord with those
reported by Kumar. It would be desirable to carry out a complete
analytical study of the short-cup feed also since it was found to have
a greater bandwidth of operation (from 10% to 15%).

It was found that a cross-polarization level of -30 dB. or somewhat
better could be measured for the feeds studied without any unusual
precautions being taken. However, the experimental set-up was not
adequatc to verify that the cross-polarization could be as low as
-50 dB. In a practical feed and measurement set up a number of factors
enter in, such as finite feed length, finite wall thickness, less than
perfect circular symmetry, scatter from the feed support, etc. that
limits the minimum cross-polarization level that can be achieved and
measured. Nevertheless the results cbtained verify that simple coaxial
feeds can be built to give cross-polarization below -30 dB. without

any difficuity.
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Figure 1.2 (a) Long-cup or dual-mode coaxial feeq,

(b) Short-cup or multi-mode coaxial feed.

1.4 RADIATION FROM PARABOLOIDAL REFLECTOR

In this section the formulas that are used later on to evalua‘e
the radiation pattern and the cross~polarization properties of a para-

boloidal reflector are presented.

One procedure for calculating the far zone radiation field from
a reflector antenna such as a paraboloid is based on the use of geo-
metrical ray optics to obtain an approximation to the aperture field
produced by the reflection of the fieid from the feed by the ieflec—
tor.

Another approach is based on calculating the radiation field in
terms of the currents induced on the reflector surface (Silver, 1949).
method the reflector is treated as an infinite flat plate at each point

-

- > -
so that locally the induced current is given by Js = zaninc where n

-
is a unit normal to the reflector surface and Hinc is the incident

In this
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magnetic field from the feed as in Fig. 1.3. When the reflector is

. > - - -> . s
in the far zone of the feed H. =Y s, X E, where s, is a unit
inc o i inc i .

_ vector along the incident ray.

F,

Figure 1.3 - Induced current on reflector surface

Hence we can write

»->.=-> > > - ->.—> -v’-v'
Js(r ) 2n x (Yo s, X Einc) 2Y°[(n E, s (n

i inc' 71 i’ Tinc

The radiation field may be found from the general expression

is given by (1.1). It is generally felt that the induced current

method is more accurate than the aperture field method since it

given below
-k ¥ jk a or’
E(F) = -3k 2 S=—0 3 (x) -a 3 (xade °F @' (1.2
. % Tamr J s r s r :
s
where the integration is over the surface of the reflector and 3
|

involves one less geometrical optics approximation, i.e., the ray

tracing of the field from the reflector surface to the aperture

surface.

In many instances, such as for large parg’oloids, the
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induced current method agrees closely with the fields calculated

using the aperture field method.

Cross-Polarization In Paraboloidal Antenna

With regard to cross polarization there are several definitions of‘cross
polarized radiation that can be adopted. Three definitions are discussed
by Ludwig (Ludwig, 1973). For paraboloidal antennas the most useful definition
is Ludwig's definition No. 3. This definition is based on the follodimglnl-
surement method. A linearly polarized horn antenna is used for receiving
and oriented for maximum reception on the bore sight axis of the paraboloid
antenna whose pattern is being measured. It is assumed that the paraboloid
antenna radiates a linearly polarized field on axis. Let the field radiated
by the paraboloid antenna be E(G,o) where 6,¢ are defined as in Figure 1.4.

The measured reference polarization pattern is then given by

-> . - -
R(6,4) = E(6,¢) - [sinB a + cosB a’] (1.3)

where B is the polarization angle of the receiving horn. To measure the
cross polarized pattern for the same pattern cut (same value of ¢) the
horn is rotated by 90°, i.e., B is increased by 90°. The measured cross

pularization pattern is then given by

c(e,6) = E(8,4) + [cosB a - sinB 301 (1.4)
If the transmitted fie2ld is along the y axis in the bore sight direction
then for a patterr. cut at angle ¢ the values of B is ¢ for the reference
polarization and ¢ ¢ n/2 for the cross polarization pattern since rotation
of the paraboloid about its axis by an angle ¢ will require a similar

rotation of the receiving horn and such a rotation is necessary to obtain

a pattern cut at the angle ¢.




11 ORICINAL FAGE 1S
OF POGR QUALMTY

z
? Receiving horn moves on great
4’/” circle in ¢ = constant plane
—-—'-P.\ .
~ N for pattern cut at angle ¢.
//’ 4 6 is varied to obtain pattern.
/ * 7N
=~ \
~
~

Figure 1.4 - I.lustration of pattern measurement procedure. In

practice, receiving horn is fixed and paraboloid

antenna is rotated.

For a linearly polarized paraboloid antenna with a field along the

Yy axis for 6 = 0, ¢ = 0, we have B8 = ¢ or ¢ +%/2, so that
R(8,¢) = 'i(e,g) + [sin¢ :9 + cosé :¢] (1.5a)

C(8,6) = E(8,¢) + [cose :e - sin¢ :‘] (1.5b)

->
These relations show that if E has the form

£e cosé = E:o sin¢ (1.6)

then

C(8,¢) = Ee cosd - EQ gsin¢ = O

and there is zero cross polarization.
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A feed with equal E and N plane amplitude and phase patterns and
satisfying the relation(l.c)has zero cross polarirzation., Such a feed
when used to illuminate a paraboloid results in an antenna with very
small cross polarization as will be shown below.

Coaxial feeds oxcited by a mixture of TE and ™ modes produce a

Im 1m
feed primary pattern of the form
-ik r'
O
E (8',¢",x%) = © fe,,(0')sind’ a_, + ¢, (8')cose’ a.. | (1.7)
£ ' ’ r' 8 ar ¢ 00
whero 00,(8') and vw,(u') depond on the particular feed and excitation

used.,

In rectangular coordinates this field is qiven by
-3jk
IR

-
E L]

f

ONT.

(:x(.ﬁ cosf cosé¢ sin¢ - e, sind cos¢)

¢

+ :y (oecose sin20 + e coszo) - :: e, 8inb sing¢) (1.8)

¢ 0

Now assume that at 6 = 0 the field is polarized along y, then ¢ " .O

at 6 = 0. In the ¢ = 0 plane or H-plane the feed pattern is proportional
-

to ayo0 - 00 :° while in the ¢ = n/2 or E-plane the pattern is propor-

tional to :y e cosé - :z ¢ sinb = e :e. The E and H-plane patterns will

be equal if 00(6) - o‘(e) for all values of 6. The cross polarized pattern

as given by\l.‘dﬂwill then alsc be zero for all values of 6 and ¢ .
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With reference to Figure 1.5 the unit normal " to the paraboloid
is givenby n = - a 2 + 3, sin 2
ve = - = r
given by n a, cos 3 3y, sin 3

Figure 1.5 Coordinates used to describe fields associated with

a paraboloid antenna.

The incident magnetic field on the paraboloid is ﬁf - Yo :p x Ef where

Ef is given by (1 7)but in terms of the variables 6', ¢', o, i.e.

-jkoo
E,= = (6') siné' 2. +e . ') cos¢’ 2.,
Ef 5 [ee, 8" o o
: 2 0
On the parabolo’ surface p = 2f/(1 + cosf') = { sec 3 If each

portion of the paraboloid is treated as a flat reflecting surface then

the surface currents produced on the paraboloid are given by

J «a2nxh 2Y_nx(a_ x E,
s n £ ol ‘o b4
=3k o
2e N . . * _6_' .
zo° [cos 2 (oe, sin¢ ag, + €y cosé a‘,) + sin 2 % sing lol

(1.9)

‘
§
;
|
!

E
E
k
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In terms of these currents the radiated electric field is given by

jk a_ 1
(3(x') -a - 3(?')§rle_ °or as

-> -
E(r) = —/— e
r

- _’k
Jkozo 3 Or
4ny

S

where ;' is the position vector to a point on the paraboloid. By using

(1.9) in (1.10) and carrying out the integration over ¢ we obtain

-jkor e
ik £ e °
{(

X (o}

->

-
E(r) =

> . -
e, * 00,)J°(v1)(le cosd sin¢ + a’ cos¢)

- . - g -
—(ee, - e¢,)32(v1)(ae cos6 sin¢ - a° cosd) — 2jal(v1)ee, sind sinétan 3 ae]

-jv
[e 2 tan

YT,

] ae!’ (1.11)

where v = ZkOf sin€é tan %

1+ cos?d cosd'
v2 2kof 1+ cosd'’

J
n

Bessel function of order n

anad 260 is the angular aperture of the paraboloid with focal length f.

In the aperture field method the reflected field at the aperture

surface is first found from the relation

-> -£+2-> -E»-o
E ¢ n - En (1.12)

This field then is assumed to propagate as a plane wave to the aperture

surface which will be taken as the z = 0 plane. The total path length
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3
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§ is 2f and hence we find that the x and y components of the aperture field

are
-j2k _§
-> .s_—o -+ ) si . "-b 2'
a 5 [ax\e°, g sin¢ cos ¢ ay e¢, cos ¢
a inle 1.13)
+ ay e, sin ¢ A] (1.

In terms of the aperture electric field alone, the radiated electric

field is given by
-jk r-ijof

() e
ik £ e °
B = o ((e. +e. )3 (v,) (a,siné + a, cos® cos¢)
Y o 0* ¢' o 1 6 ¢
3. (v.) (a, s P 8 8" ae (1.14)
- =leg, e, )9, vy (a, sin¢ - 3, cos® cos¢)] tan 2 .

If the radiated field is determined in terms of the tangential
magnetic field alone on the aperture surface then it is found that
-k r-2)kof

. ]
- )kof e o - .
E(r) = — Jo [(ee,no,)Jo(vl)(ae cosf sin¢

4

=

. )3, (v.) (a, cosB siné - a ) tan 2 ae
a, cosd) - (eq, €y I, vy (ae cosd® siné a, cos¢) tan 3

(1.15)

I1f a formulation in terms of both electric and magnetic fields on the

I IR H e

aperture surface is used the result is the average of (1.14) and (1.15).

This latter formulation is commonly used,

B e T
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In the rcgion close to the axis i.e., & small, the use of the

approximation cosf = 1 makes v, in (1.11) equal to 2k°f. With this

approximation (1.11) and (1.15) will agree with the exception of the small

term involving Jl(vl) in (1.11). This latter term vanishes at 6 = 0
and remains small since it is multiplied by sin6, It is due to the 2

component of current on the paraboloid.

The difference in the phase function in the surface current formula-~-

tion and that in the aperture field method is due to the difference in
path lengths as shown in Figure 1.6.1In the aperture field method propa-
gation from the paraboloid surface to the aperture surface is along a
path parallel to the z axis in accordance with the geometrical optics

theory that is used to de“ermine the aperture field. The difference in

(1-cosb)cosé’
1 + cosb’

phase between the two methods is 2k°f -v, = 2k°f
For a paraboloid with £ = 1ax° and @ = 10° this phase difference varies
from 0.547n at €' = 0° to 0.365% at 6' = 60° or a total variation of

0.187 (32.4°) over the aperture. This amount of phase variation would

not be expected to produce a significant change in the radiated pattern

in the region 6 < 10°.

£ ooy

Figure 1.6-Path lengths OPle for aperture field method and OP193

for surface current method of computing radiation from

a paraboloid.
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All of the above formulas show that low cross polarization is

achieved by making eg, = c¢; .

As long as cosf can be approximated
by unity the radiated electric field will then satisfy the relation-
ship given by (1.6)provided the small term involving Jl(vl) in the ex-

pression for Ee in ¢1.11) is neglected. This approximation will be good

for values of 8 up to at least 10° where cos® = 0.985 and hence the
cross polarization will be small over the region of interest for para-
boloids with diameters exceeding 50 wavelengths. It is thus concluded
that the desirable feed pattern should be of the form given by (1.7).

This type of feed pattern also leads to small polarization loss in a

‘paraboloid antenna (Ludwig, 1965). The objective in coaxial waveguide feed

design is to excite the proper combination of Tzll, T"ll and Ttlz modes
in the aperture of the feed so as to obtain a pattern of the desired
form as given by (1.7). The paraboloid sidelobe level is detormig;d by the
amplitude taper over the paraboloid and this is directly related to the
directivity of the feed pattern.

With reference to (1.11) it is seen that the dominant part of the
radiated field comes from the terms multiplied by Jo(vl). The radiated field
can be resolved as components along the unit vectors :1 = (:esin¢ +
:¢cos¢) and :2 = (:ecoso - :osino) which define the co-polarized

and cross-polarized fields. It is then found that the co-polarized

pattern in the ¢ = n/4 plane is given by

6

¥kt -3k.r [ ©

o o cosf+1 cosb-1
Eo = e J leg, + e¢,)J° o ) - ey, e¢,)J2 ( = )

0

. . e -jva 8

_ 8 LARPPY: 1.16
j I, eq. sinftan 2 ] le tan 3 146 ( )
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The term multiplied by Jo is the contribution from the co-polarized feed
pattern, the term multiplied by J2 comes from the feed cross-polarized
pattern, and the last term multiplied by Jlsine comes from the z component

of the induced current on the reflector.

The cross-pc.arized pattern is given by

jkof "jkot o
Eross = T © Io l(ee,+e¢,)J°(cose-1) sinécosd
: . Y e ] -jvz e. .
"(ee,-e¢,)Jz(cose+1)31n¢cos¢- 233,e4, sinfsin¢cosétan 3 (e tan 5 148

(1.17

The three terms contributing to the cross-polarized field consist of a
contribution from the feed co-polarized pattern (term with J° factor)
caused by reflector depolarization, a contribution from the feed cross-
polarized pattern, and a contribution from the z component of the induced
‘current. Usually the amount of depolarization causcd by the reflector
is small. Note that thc cross-polarized field is zero in the principal
planes and is a maximum in the 45° planes.
Significant cross-polarization will occur only when egr ¥ eO..
For example consider the x-directed dipole field shown in Figure 1.6a.

Apart from irrelevant constants the feed pattern is given by

T = e KT [39 cosd cosé -‘:Q sin¢)

f —-—
r
-jkor

™ e—.. 2 \ 2 -» -

" [(cosbcos™ ¢ + sin“¢) (aecos¢ - aosinQ)]

e-jkot 1
. -

+ s ( 5 8in2¢(cosb-1) (agsino + :‘co;Q)]




CRIGINAL PAGE IS
19 CF PLUOR QUALITY

The second factor is the cross-polarized field and since 6 can

be as large as the half-angular width of the dish the dish il-
lumination has a significant cross-polarized component over the
outer regions. At 6 = 45° the cross-polarized field is only 15 as.
below the co-polarized component. Thus a dipole feed does not

give a low-cross polarization when used to iliuminate a pariboloid.

z
;]
E
x
Yy 2a - --"Hy
¢ 2a
X
(a) (b)

Figure 1.7 Elementary Feeds, (a) dipole, (b) Huygen's source,

A Huygen's source is a small patch of a plane electromagnetic
wave as shown in Figure 1.7. If the radiation from this patch is

calculated using both the electric and magnetic fields it is found

that
= -3k . r - - .
E_,=e 0" (l+cos®)f_[a, cos¢ - a, sing)
£ T x 2} ¢
. . sin k a sin k a .
where fx is the pattern function X Y with
kxa kya

kx - ko sind cos¢, ky - ko sin® sin¢. This feed pattern has no

cross pclarization.

|
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If the radiation from the Huvgen's source is calculated using
only the electric field or only the magnetic field then it is
found that the feed pattern is proportional to 36 cosg¢ - ;3 cosg sing

- -»>
and ae cosf cos¢ - aQ sin¢ respectively. These patterns have the

same level of cross-polarization as the dipole feed does to depending

g e

on the point of view the Huvgen's source can be considered to

either have no cross-polarization or to have the same cross-polarization

as a dipole.

Aperture Efficiency

By using (1.11) the radiated field on the z axis is readily found 3
by setting 06 = 0, thus

0
jk f -3k r-j2k f o
> -»> ls) o] fe)
E(r) = a {

(s

[ v 9_ l
[ee.(e ) + e, ,(6")] tan > de

y r o'

0
. . . . 21212
The radiated power per unit solid angle 1is 1/2 Yor |E| .

Let Pa be the total power radiated from the aperture. If the aperture

illumination was uniform the aperture electric field would be

2
E = (22 P /na )1/2
a oa

where a is the aperture radius. With uniform illumination the radiated

power per unit solid angle on the z axis would be

y 2 K 2 2 k2 na’

~Yr (—— ma&pg) = ° P

2 o 2n a 2 a
4n

The aperture efficiency n, is given by

A




RAsE

PR REAE R e T

RN 2 |
21 ROy WATY
22 2 242
Ly |E| ATy r°|E]
n - 2 o - QO ©
2 2 2 2
A k ma” P /4rw 2 ma P
o a

a

The total power radiated from the aperture equals the incident power

from the feed that is intercepted by the aperture, thus

2n
(0]
p = Ly tle., ]2 siner + le, . 1% cos26' 1 sind® ae- d¢’
a 2 o 6 ¢
o ‘o
Ty b

o
= 5= fo [lee,l2 + Ie¢,|2 ] sin6' a6’

Hence
2
[ (e.. + e..) tan & gg
2 Jo o T Gl tan 3
. 4t 9 , (1.18)
A 2 8 .

o
J (le ,Iz + |e ,lz }Jsin6* a8’
0 6 ¢

For a feed with a very low cross-polarization €9 & e¢, and then
60 ,
e ., tan g de’ 2
2 e* 2
LS | (1.19)
A 2 ] :
T a o 2
fo |e9,| sin@'de’

The definition used here for the aperture efficiency includes cross-

polarization loss, phase error loss, and cross-polarization, i.e.,
N, can be factored into the product np. ni' and n, as defined by
Thamas (Thomas, 1971).

The gain of the antenna can be expressed as

s




A e

G = — n_n_n Ta (1.20)

where ng is the spillover efficiency and n_ is the feed efficiency

£

that accounts for feed losses. For a large edge taper of order

-20 dB. the spillover efficiency is close to unity.




CHAPTER 2

THE LONG-CUP DUAL-MODE COAXIAL FEED

In this chapter the results of the analytical and experimental
investigation of the dual-mode coaxial feed are presented. Section 2.1
outlines the analytical procedure followed, Sec. 2.2 presents numerical
results for the scattering matrix parameters. The following sections give
results for the optimum feed parameters, typical feed radiation patterns,
and the frequency sensitivity of the cross-polarization, phase error,
and input reflection coefficient. The experimentally measured patterns
for a typical feed are given in Sec. 2.7 while Sec. 2.8 gives measured
patterns for a 1.22m paraboloid with £/D = 0.33 when illuminated with

this feed.

2.1 OUTLINE OF ANALYTICAL PROCEDURE

The long-cup dual-mode coaxial feed is shown in Fig. 2.1. The wave-

guide dimensions a and b werc chosen so that only the TE11 mode would

propagate in regions 1 and 3 and only the TEll and TMll modes would

propagate in region 2. The length T is chosen long enough so that the
only modes incident at the aperture are the TEll and TM11 modes - hence
this is a dual-mode feced. The parameter 5 is adjusted to obtain the
optimum moding ratio and T is adjusted to cbtain the correct phase rela-
tionship between the TE11 and TMll modes at the aperture. The two para-

meters are inter-related. The steps followed in analyzing this feed and

opvimiziang its parameters were as follows:
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(1) The scattering matrix parameters for the inner junction, which

is that of a bifurcated circular waveguide, Were found using the

residue calculus method.

(2) The TEl1 and TM11 mode reflection coefficients and the TE11 to

TMll mode coupling coefficient at the aperture was determined using

Weinstein's solution for radiation from a circular waveguide.

(3) The TEl1 and TMll mode radiation patterns were computed using
the solution given by Weinstein. The ratio of the incident Tull mode
to TEl1 mode amplitudes was varied until the minimum cross-polarization

in the combined radiation pattern was obtained. This provided the

optimum moding ratio as a function of the waveguide radius b.

o s 7 ——
FM oE
VAN 1 WTEI

Q/v T}ill ‘2a @ 2b

©)

Internal bifurcation junction

Figure 2.1 Dual-mode coaxial feed.

(4) By using the scattering matrices for the internal junction and

the aperture the ratio of the TEll to TM11 incident mode amplitudes at

the aperture was computed with a unit amplitude TEll mode incident in

the input waveguide. A cumputer optimization procedure was then used

to find the values of S and T for given radii a and b so as to obtain

the optimum moding ratio found in Step 3.
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2.2 SCATTERING MATRIX FOR INTERNAL BIFURCATION

The scattering matrix parameters Sij have been determined for the
internal bifurcation junction shown in Fig. 2.1 by the residue calculus
method. The analytical solution is outlined in Appendix A. The only

propagating modes are the TE.. modes in regions 1 and 3 and the TE

11 11

and TMll modes in region 2 so the junction is a four-port network.

The subscripts refer to the modes in the various regions according to

the following scheme:
Sij , 1 =1,2,3,4; 3 =1,2,3,4
Subscript 1 corresponds to TE11 mode in region 1

Subscript 2 corresponds to TEll mode in region 2

Subscript 3 corresponds to TE11 mode in region 3

Subscript 4 corresponds to TMll mode in region 4

The numerical values of the Sij are shown in Fig.'s 2.2a through
2.23 as contours in the complex plane with a and b, the waveguide radii,
as paramcters. The numerical values are for a frequency of 12 ghz. and
with a and b in cm. The values for the Sij are, of course, valid at
any frequency for the same a/Ao and b/)‘o values.

When region 3 is terminated in a short circuit at a distance S to
the left of the bifurcation (see Fig. 2.1) the junction may be viewed

as a 3-port with scattering matrix parameters Sij given by
S, .
s.. = s, - -x3 33 (2.1)

where 1,3 = 1,2,4, and 6 = 2 B S is the total phase shift through

the short-circuited coaxial wavegquide section.,
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Figure 2.2i, Scattering matrix parameter Sj3,

2
4
beo1e
T ) -
—_
J
Real Sy

» i
o [ . »

Figure 2.2j, Scattering matrix parameter Suy

Figure 2.2, (cont.)Scattering matrix parameters for internal

bifurcation junction.




2.3 APERTURE SCATTERING MATRIX

When a unit amplitude TEll mode from the waveguide is incident on

the aperture with radius b in Fig. 2.1 a reflected TEll mode with

reflection coefficient Fll and a scattered TM11 mode of amplitude Flz

is produced. Similarly an incident TMll mode of unit amplitude produces
a reflec ed TMll mode with amplitude F22 and a scattered TEl1 mode with
amplitude F12° The aperture internal scattering matrix parameters were
found from the solution given by Weinstein (Weinstein, 1969). They may
also be obtained from the scattering parameters given by Johnson and
Moffatt+ (Johnson and Moffatt, 1980). The aperture internal scattering
matrix parameters are shown ‘n Fig.'s 2.3a-c¢ as a function of b in cm,
for £ = 12 ghz. Notc that in particular the TMll mode reflection coeffi-
cient can be quite large for values of b close to the cutoff value for
the TMll mode ¢.q. for b = 1.6, |F22| = 0.45. Also the TE11 to TMll
mode coupling at the aperture is not negligible. t is thus apparent
that there will be significant interaction between the internal bifur-

cation junction and the aperture and this interaction must be taken

into account in optimizing the feed parameters.

2.4 DUAL-MODE FEED RADIATION PATTERNS AND CROSS-POLARIZATION

The Weinstein solutions were used to compute the E- and H-plane
patterns as well as the co-polarized and cross-polarized radiation

patterns for pure TEll and pure 'I‘M11 mode excitation as well as for

"In Appendix B of this report Eq. (B-18) should have a minus sign
and the denominator of Eq. (B-26) should have an additional factor jnm'
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various relative amplitude values of combined incident TEll and TM11
modes. The moding ratio giving the smallest maximum cross-polarization
was found through a computer cvaluation of the cross-polarization as a
function of the moding ratio. The Weinstein solution is summarized in
Appendix B.

The pure modc E- and H-plane patterns are shown in Fig.'s 2.4a-o.
For comparison the patterns were also computed with the aperture field
approximate method using the aperture electric field alone or using
both the aperture electric and magnetic fields and taking the mode
reflection coefficients into account (see Silver, 1949). The formulas
used in the latter computation are summarized in appendix C. Although
the approximatc methods give reasonably accurate patterns the accuracy
is not sufficicnt to predict the cross-polarization with good accuracy.

The optimum moding ratio (ratio of incident TE11 mode amplitude to
incident “wll mode amplitude) for minimum cross-polarization is shown
in Fig. 2.5. The moding ratio depends on the waveguide radius b and
becomes smaller (a larger amount of the TMll mode is required) as b
becomes larger. The amplitude ratio is complex with a small positive
. . 1.
imaginary component.

The total radiated field in the ¢ = O plane (E-plane) and the phase
deviation from that of a spherical wave are shown in Fig.'s 2.6a-f.
Note that for polar angles such that the field is above the -20 dB. level

that the phase error is small - less than 10°. This is the useful range

of the pattern for illuminating a paraboloid.

'F . 3 . .

'The optimization of the feed was based on the criterion of minimum cross-
polarization over range 0 <0 <78° If the range of 6 is up to 90° the
minimum achievable cross-polarization is approximately 2 dB. higher.
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The co- and cross-polarized patterns in the ¢ = 45° plane for the dual-
mode feed with the optimum moding ratio is shown in Fig's. 2.7a-f. The
maximum cross-polarization is very small being close to«58 4B. With
the optimum moding ratio the dual-mode feed has excellent cross-polari-
zation discrimination. Dual mode horns of the type studied by Potter
and with small flare angles and apertures should have comparable per-
formance.

For camparison purposes the radiation patterns and cross-polarization
properties of the dual-mode feed was also evaluated using the aperture
field method to evaluate the radiated field and neglecting reflection
and mode conversion at the aperture. The results of this evaluation is
summarized in Appendix C. It was found that the optimum moding ratio
when using the combined aperture electric and magnetic fields was -2.5
and the predicted cross-polarization was higher than that given by the
exact theory. The conclusion arrived at is that approximate methods of
computing the radiation from small aperture feeds will not, in general,
give good results for the cross-polarized field.

2.5 OPTIMUM FEED DIMFNSIONS

By using the bifurcation junction scattering matrix and the aperture
scattering matrix parameters the resultant TEll and TMll incident mode
amplitudes at the aperture can be found using conventional transmission
line theory. The moding ratio can then be computed as a function of the
parameters S and T for a given set of waveguide radii a and b. 1In
addition the cross-polarization level can be readily found for any given

set of parameters as well as the ootimum values of S and T that gives the

smallest cross-polarization.
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Dual-mode circular waveguide radiation patterns (optimum modeing ratio).

Figure 2.6,

-




* (o13ea Suropom wnuyido) suialled uoriIeTper IpIn3sABm IBINIIFD dpow-TENQ $l°7 @an
oGh = $ ‘WD G9°T = q QLT ‘614 oSF = ¢ ‘CWO 97 =q ey
so0460p U} 6 djbue svi04

sesabep vy © o|bwe a0 |0¢
( 15 (14 ot 2 ¢.

L
b4
*
o
o
g
~
{ 4
.

, o6 L 1] 14 L1 " or o€ 1 ot o
v A - A A A A A A .
[ Y 2 i . 2 [y 4 1 _ 2 [ ]
' rd - -
\\ N\, 7 - m. \\ / \\ ¢ 4= 0. - M,,J
/| N -1 E 3 / N 1 Jhhl
< e - 09- 4 - —d =T E f
el ) ] ~f-os- £
v .“n - U « -
) s - 0%~ M H " /_l
» 1 " - llY‘.ﬂl m
- W b
R - - i . . M
" E 2 e
t, zr—-&—o*- 93z dc._c‘*noocnu -y oe- & Nolivicvy d3219v S : m.
- N HO1191063 $32189h04d-03{ --c-espe- 2 LT (B 3 Fases L 3
A Hm T~ Ll ::ocﬂ wiop—1— [ T . o14v — .- oc- 3
43 / - 02- & ; nl .“
£ D F | [~ 02- &
- o , § P
4 m /l F [/ s o~ 4
Z0 0 g
T 1 | o
0o %.a_
. o -
2 (o131 Burspow mnuyido) suiajjed uop3eIpel apIndoAem I1BTNOITD Spow-Teng (13uU0d) ‘g7 aiu.
l
!
o0 = ¢ 'Twd T = q 397 ‘btd b0 = & ‘WD B°T = q 39°7 &,
saa.Bep u; 0 sibue Jejey
sesubep u): 0 aibue svjog
....o.;:.s.on.eob.an.: ) o o o: e b5 e e e o
“ . easest pre 'l . 3' . » A 4 s A — e lthh'tt 4
“ ‘ttn\n . " m “ ‘...-‘-.-uc-:lc - ' - .OO
" ] Z - 05- = 5 e ! Y
3 , Py v ] ' 0.
mon ] 3 - w g3 ” ;
T 9 4 < a o 3 o a
E “Jf/ F £ L ] P £
;97 < ot- 3 ;81 - IS
2 5 " - n ] * W g
s ] < 5 g ] ’ Eoop. &
W.' p .'. 02- 3 M.N - ... / - m”
33 1 - N ‘a1
B - 01- 2 sz I~ :
.w; > - m A // Coel-
Zeg- - “or- =
M m » p "
o= " s¢ - .
L A




Je1 Sugapou wnwy3do) suasljed uojley
oGh =6 ‘WO 7T =q FLUT CBW

sessbep uy 6 8 0ee Je|0y

OR:GINAL PAGE IS
OF POOR QUALITY

¢ o o ’
\4uu“ ! - 9¢-
1 "N C
r"-l ” 99-
-
- o0~
;-.%8 - F
0 - ot-
- 02-
/ ” .ﬂl
o
-0
o
‘|ap
ot
oGh = 4 ‘WO BT = q PL°T
soasbop ¥y o tbur avjog
e oS )
r's A .N
—t—~ -
~, o
/;lv — -
e S —_ »-l - 09-
-
- 05~
} - oy
NO14iM1Qvy ru~.¢¢4o‘-.mo-o - C
1191008 032 - ot-
NO11Y F
;11:1111 il
— - 01-
<
-0
.
It

¢,-7 21n314

pex apyndasem 1BV apow-Teng (°3u0d)

oGP = ¢ ‘U 6T = q 8L *brd

saoubep w) ¢ ajlue uejod

IAAZSRAALAR MAAA

"=~

uu..LJo.-a

et~

J1¥1qsy 43

-

susdznd (----) pazyaw|0d-5304] PUR —) poTyin|0d-0)

2 ARRARARAALI 12 AR RAAAL)

-ap
-el

¢ ‘rwo £°T =q 9L°7 'bra

sa8260p Ui & d{0we J¥i04

oL~

89-

R ERARAALAAARRAAL ISR AR OAAR)

susdlind {----) paziar|0d-5304) pue —) pazjae{ud-0)

—
|

¢
IRAAMARAARSBA
® o

e 77

-5504) pue (—-) PIz} 494 06-0)

suaed (=---) patiaejod

oY

susdlInd (---°) PaTL 40| 0d-$504) Pue =) pazyse108-03




41

The ratio of the TE to ™ incident mode amplitudes at the

11 11
aperture 1is given by
jo. -0 -0 REET: -3
2 L 1 ] 2 L) 2 L] 1 L
- ToL0 =8 2 5 S
TEjn e ST Saal22%  IS1p t (ST e *SyM12® Sy,
™, = -] -3j6 i =36 ' ~36 '
1 o1 . 2, 1 2 1
(524rlle + 544F12e )S12 + (e 524F12e szzrlle )S14
(2.2)

where 91 = 821T and 62 = YZIT' The S;j depend on the parameter S as
given by (2.1).

Figures 2.8-2.10 show the minimun cross-polarization in dB. as a
function of the inner guide radius a for a given value of outer guide radius
b, and the corresponding best values for the parameters S and T Note that
unless a is above a certain minimum value the smallest cross-polarization
obtained is not as low as can be achieved, e.g. in Fig. 2.8, a must be
greater than 1.28 ¢cm. for b = 1.6 cm. in order to obtain a cross-polari-
zation as low as -58 dB. There are two solutions for S and T shown in
the figures - the second solution being indicated by the dotted curves.

For a pair of values for a and b that yield minimum cross-polarization
the figqures give the optimum values for S and T. 1In the figures a and b
are in cm. and the data applies for a frequency of 12 ghz. but may be
scaled for other frequencies.

In oxder to show the sensitivity of the cross-polarization to changes
in S and T,contour plots of cross-polarization in the S-T plane for
various a and b values were generated. These are shown in Fig's. 2.1la-
2.11% for b = 1.6 ¢cm., in Fig's. 2.12a-f for b = 1.7 cm. and - Fig's. 2.1l3a-d

for b = 1.8 cm. Note that for b = 1.8 cm. the minimum cross-polarization




cannot be achieved without increasina a beyond 1.45 om. which would
then allow the TM11 made to propagate in the smaller wavequide. These
figures also show the minimum cross-polarization that can be obtained
for a given pair of a and b values. For example, Fig. 2.1la shows that
witha=1com., b = 1.6 cm. the minimum cross-polarization is only

-32.1 dB. For optimum cross-polarization a must be increased to

arcund 1.3 cm. as shown in Fig.2.lle (see also Fig. 2.8).

2.6 COAXIAL FEED PERFORMANCE - THEORETICAL

rhe minimum cross-polarization at a particular frequency for the
dual-mode coaxial feed was shown to be around -58dB. in the previous sec-
tion. 1In order for this feed to be useful for a satellite system it must
have a reasonable bandwidth. In order to obtain information on the band-
width the following quantities: maximum cross-polarization, maximum phase
error in radiation pattern, and the input reflection coefficient lsll‘
were evaluated as @ function of the percent deviation in frequency from
the design value of 12 ghz. This data is given in Figures 2.14a through

+
14p for various optimum feeds with different a and b values. The band-

width will be chosen as the frequency band over which the cross-pola-

rization remains below -30dB. On this basis the bandwidth is in the
range of 4.5 to 5 percent. The curves indicate that the cross-polariza-
; tion, input reflection coefficient, and phase error increase more rapidly
3 with frequency below the design value than for frequencies above the

design value. Over the bandwidth, as defined above, the input reflection

coefficient remains below 0.05 corresponding to a VSWR of 1.1. Hence the

feed does have a very good impedance match to the input waveguide.

~
In these figures A and B are the waveguide radii. A,B,S, and T
are in cm.
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The phase error (departure from a spherical phase front) in the radia-
tion pattern is also negligible, typically less than 10° over the band.

The efficiency of the feed depends on the f/D ratio of the para-
boloid reflector it is used with. Figures 2.15a-h show the illumina-
tion efficiency, spillover efficiency, and total efficiency for various
f/D ratios as a function of the outer waveguide radius b. The data is
not applicable for b greater than 2.12 cm. at which point the TE12 mode
begins to propagate. For these feeds the computed phase error loss and
cross-polarization loss was entirely negligible being less than 0.25%.
With an f/D ratio of 0.33 the efficiency is 57% for b = 1.6 cm. but rises
to 68% with f/D increased to 0.4. The maximum attainable efficiency is
around 78% for b = 1.85 cm. and an f/D ratio of 0.6 (see Fig. 2.15h). The
maximum efficiency arises from the competition between a rising illumina-
tion efficiency and a decreasing spillover efficiency.

The efficiency that can be realized in practice depends on how much
aperture field taper is required to obtain sidelobes of a given speci-
fied maximum value. Figures 2.16a-b show the first and second sidelobe
levels as a function of f/D for b = 1.6 cm. and 1.7 ecm. The interesting
feature in these curves is that as f/D increases the aperture field taper
decreases causing the main lobe to become narrower and causing the first
sidelobe to essentially disappear by merging with the main lobe. The
second sidelobe then becomes dominant. A further increase in f/D re-
establishes the first sidelobe as the dominant one. This behavior can

be understood by examining Fig. 2.17 which shows the angular position of the

first two sidelobes and the first two nulls as a function of £f/D.
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Fig. 2.l6a Sidelobe levels vs. f/D.
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Fig. 2.16b Sidelobe levels vs. f/D.

Figure 2.16,

Sidelobe characteristics for paraboloidal reflector
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Figure 2.17, Sidelobe and null positions vs. f/D.

- If the criterion of sidelobes below -30dB. is chosen then Fig's.
2.16a-b show that this can be met with f/D ratios as large as 0.45.
This means that efficiencies as large as 70% or more can be realized.

If the criterion is -35dB. sidelobes in order to allow for some increase

in sidelobe level due to feed blockage and scatter from the feed supports
then f/D is restricted to about 0.35 for b = 1.6 cm. and to 0.37 for

b = 1.7 cm. which corresponds to an efficiency of around 60%. The effi-
ciency curves were computed using the formulas given in Chapter 1.

Typical radiation patterns for a 1.22 meter (4 foot) paraboloid of

different £/D ratios and for b = 1.6 and 1.7 cm. are shown in Figures 2.18

.

and 2.19. The series of figures such as Figures 2.18a-2.18e show the
formation of sidelobes as the aperture field taper is reduced with

increasing f/D ratios. In Fig. 2.18a where f/D = 0.3 the main lobe has ;

a broad shoulder beginning at about the -30 dB. level and having a half

rwmv‘!”&“mﬂm;w R L TEL
r
:
3
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Figure 2.18, Reflector radiation patterns as a function of f/D, D = 1.22 m.
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Figure 2.18e, Reflector radiation pattern

angular width of 4° at the -40 4B. level. The next series of four
figures shows this shoulder moving away and becoming a distinct side-
lobe with a relative height of -33 dB. at 8 = 3.5° when £/D = 0.4.

For £/D = 0.45 a new sidelobe at 2.5° begins to form. With £/D = 0.3
the -33 dB. level is also at about @ = 3.5° but is part of the shoulder
of the main lobe. The f/D = 0.3 corresponds to an aperture efficiency
of 52% while f/D = 0.4 corresponds to an aperture efficiency of 68%.

If the pattern is measured in terms of the envelope the f/D = 0.4 pattern
is better than the f/D = 0.3 pattern down to the -40 dB. level. The

b = 1.7 cm. case is similar. These figures thus show that for a given
feed and reflector there is an optimum f/D ratio that will give the best
aperture efficiency along with the best pattern envelope characteristic.
The envelope provides a good measure of the interference rejection

characteristics of the overall pattern. A main lobe with a broad

shoulder yet with small sidelobes is not as good as a ‘narrow main lobe
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with a higher first sidelobe level as long as the sidelobe level is
below that of the shoulder.

The patterns shown in Fig's. 2.18-2.19 are in the ¢ = 45° plane
but because of the very low cross-polarization the patterns are
essentially the same in all planes. Figure 2.20a shows the co-polarized
pattern, the total pattern, and the contribution from the z-component
of current on the paraboloid. The field from the cross-polarized field
of the feed is below -100 dB. Figure 2.20b shows the various contributions
to the cross-polarized field in the 45° plane. The cross—polarized
component due to the z-component of current is comparable in value to
that due to the cross-polarized radiation from the feed for an optimum

feed.

TOTAL RADIATION PATTERN
IN THE 4S°QLAME

—-b = 1.7 cm., f/D = 0.30 —0—y

-49

| KL

-100 vy =T ¥ TTTTY Y r v v T Vv v v v v v ¥

0 S 10 15 20 "egrecs as

Figure 2.19a, Reflector radiation pattern

Figure 2.19, Reflector radiation patterns as a function of f/D, D = 1.22 m.
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Figure 2.20a, Reflector co-polarized radiation patterns for b=1.7 cm.,
f/D = 0.30, D= 1.22 m.
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2.7 COAXIAL FEED PERFORMANCE - EXPERIMENTAL

Two long-cup dual-mode coaxial feeds were built and their radiation
patterns and cross-po’arization properties measured. One of the feeds was
not an optimum design since it was constructed from design data that,
unfortunately, was in error due to a sign error in the aperture TEll to TMll
mode coupling coefficient. This feed was scaled to operate at a center

frequency of 10.1 ghz. However, based on the corrected design data the lowest

cross-polarization should occur around 10.3 ghz. The data shown in Figure

2.11b applies to this feed, as does the data in Figure 2.14a. The theory
predicts a minimum cross-polarization of -34 dB. and a 5% bandwidth over
which the cross-polarization should remain below =25 dB. This sub-optimum
feed was also tested with a 1.22 meter diameter fiber glass paraboloid with
£/D = 0.33. For the sub-optimum feed a = 1.27 cm., b = 1.905 cm. (see Fig.3.1)
The co-polarized and cross-polarized radiation patterns in the 45° plane
for the sub-optimum feed are shown in Figures 2.2la through 2.21f and cover
the frequency range from 9.9 ghz. to 10.6 ghz. At 9.9 ghz. the measured
cross-polarization was -18 dB., at 10 ghz. it was -28 dB., while at the design
center frequency of 10.1 ghz. it was -34 d8. At 10.3 ghz. the measured cross-
polarization was -35 dB. which is somewhat better than the theory predicted.
At 10.5 ghz. the cross-polarization was found to be -28 dB. and rose to only
-24 dB. at 10.6 ghz. The measurements were made on an indoor antenna range
with the feed and transmitting horns separated by 0.7 meter. The trans-
mitting horn was approxiwately 5 cm. by 8 cm. Spurious reflections from the
ceiling and walls were calculated to be below -40 dB. It was, however, found

that some interference between the transmitting and receiving horn mounting

structures was present and limited the ability to measure very low cross-

polarization levels with good accuracy.
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' at 10 ghz.

Figure 2.21, Radiation patterns for sub-optimum feed.
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Figure 2.21, (cont.) Radiation patterns for sub-optimum feed.
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Figure 2.21, (cont.) Radiation patterns for sub—optimum feed.
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Figure 2.22 shows the E- and H-plane patterns superimposed on the 45°
plane co-polarized pattern at 10.1 ghz. Equal E- and H-plane patterns were
not achieved, which is in accord with the theory. Nevertheless the
radiation pattern for this sub-optimum feed does have quite good rotational
symmetry at the design frequency.

When the sign error was discovered new design data was generated and
an optimum feed was built for operationat 10.1 ghz. 7This optimum design
corresponds to the feed that is characterized by the data shown in Figures
2.11f and 2.14c. The theory predicts a cross-polarization below -30 dB.

over a 5% bandwidth extending from 10 ghz. to 10.5 ghz. The front section

£-Plane - Co-Fal \
\
/AH- FPlane \\

-3% \
N

~

- - -%0° e » ” - ”

Figure 2.22 - Comparison E-plane, H-plane, and 45° plane co-polarized
patterns for sub-optimum feed at 10.1 ghz.
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The outer cup and inner section were also tapered to a sharp edge so a

be more nearly like the infinitely thin wavegqu
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of the feed employed a small tapered horn section as shown in Figure 2.23.

s to

ides for which the theory is

applicable.
-905 cm. 5.200 cm.
F‘—*—L‘r -
o
r Brass N
o 3.820 cm.
2.222 cm. 3.100 cm.
Aluminum |
j — e
3.50 cm.

Figure 2.23 - Optimum Feed Configuration.

The E- and H-plane patterns and the co- and cross-polarized 45° plane

patterns for the optimum feed are shown in Figures 2.24a through 2.24f.

It can be seen that in the frequency range 10 ghz. to 10.5 ghz. the pattern

has very good rotational symmetry and the measured cross-polarization was

below -27 dB. At the design frequency the measured cross-polarization was

below -40 dB. on one side and below -38 dB. on the other side of boresight.
At 9.9 ghz. and 10.7 ghz. the E- and H-plane patterns are no longer equal and

the cross-polarization has risen to - 25d4B. and -16 dB. respectively. Overall

there is very good correlation of the experimental data with the theoretical

predictions. It thus appears that the theoretical design data can be used

for design purposes without modification. The inability to measure a Cross-
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Co~ and cross-polarized patterns

- a = 1.55 cm,
b= 191 ca.

-0

-13

-0

-00* -40° -40° -20*

0°

- 40° [ 4

Figure 2.24a - Radiation patterns for optimum feed at 9.9 ghz.
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Figure 2.24b - Radiation patterns for optimum feed at 10 ghz.

Figure 2.24, Radiation patterns for optimum feed.
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Figure 2.24c - Radiation patterns for optimum feed at 10.1 ghz.
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Figure 2.24d - Radiation patterns for optimum feed at 10.3 ghz.
Figure 2.24, Radiation patterns for optimum feed.
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Figure 2.24e - Radiation patterns for optimum feed at 10.5 ghz.
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Figure 2.24f - Radiation patterns for optimum feed at 10.7 ghz.

Figure 2.24, Radiation patterns for optimum feed.
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polarization as low as -58 dB. at the design center frequency is believed
o be due to spurious reflections as well as various small imperfections

in the feed.

2.8 PARABOLOIDAL RADIATION PATTERNS

The sub-optimum feed was used to illuminate a 1.22 meter diameter
paraboloid with £/D = 0.33. The E- and H-plane patterns as well as the
45° plane co- and cross-polarized patterns were measured.+ It was found
experimentally that when the four feed support rods were located in the E-
and H-planes as shown in Figure 2.25a that the sidelobe level was much
higher than predicted, of order -22 dB. to -26 dB. By placing the support
rods in the 45° planes as shown in Figure 2.25b the sidelobes remained
below -30 dB. 1In general scatter from the support rods and blockage by
the feed makes it difficult to obtain close correlation between measured
patterns and theoretical patterns below the -30 dB. level. For this study
the objective was to verify that by using sufficient aperture tapering the
first two sidelobes could be kept below -30 dB. and the remaining sidelobes
below -40 dB. The objective with regard to the first two sidelobes was
met but because cf scatter it was found that the remaining sidelobes were
not always below -40 dB. There also was a limitation of 40 dB. dynamic
range for the measurement equipment used.

The measured radiation patterns at 10.3 ghz. with the support rods in
the E- and H-planes are shown in Figures 2.26 a-c. It is clear that
scatter from the support rods is producing a lot of fill in radiation below

the -30 dB. level in addition to producing high sidelobe peaks.

+ . i
The lack of time did not permit these measurements to be repeated using
the optimum feed.
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Figure 2.25 - Feed support structure for paraboloid antenna
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f Figure 2.26a - H-plane pattern of 1.22 meter paraboloid illuminated
with sub-optimum feed.

Figure 2.26, Radiation patterns for paraboloid iiluminated with a sub-optimum feed,

f/D = 0.33.
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Figure 2.26b - E-plane pattern of 1.22 meter paraboloid illuminated
#ith sub-optimum feed.
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Figure ..26c - 45° plane co-polarized pattern of 1.22 meter paraboloid
illuminated with sub-optimum feed.

Figure 2.26, Radiation patterns for paraboloid illuminated with a sub-optimum feed,
£/D = 0.33.
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The measured radiation patterns over the frequency range 9.9 ghz,
to 10.5 ghz. and with the support rods in the 45° plane are shown in
Figures 2.27a-k. The measured peak cross-polarization at 10.1 ghz. and
10.3 ghz. was -31 dB. while at 10.5 ghz. it was -27 4B. The cross-
polarization level correlates well with that of the feed. When the
E-plane, H-plane, and 45° plane co-polarized patterns are superimposed
they are found to be essentially identical down to the -24 dB. level
over the frequency range 10 ghz. to 10.5 ghz. Thus the good circular
symmetry of the feed radiation pattern is verified. The theoretical
pattern is 4.25° wide at the ~20 dB. level at 12 ghz. which corresponds
to a pattern 5° wide at the -20 dB. level at 10.1 ghz. for the same 1.22
meter diameter reflector. The measured patterns are also 5° wide at the

~-20 dB. level in accordance with the theoretical predictions.
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Figure 2.27a - H-plane pattern of 1.22 meter paraboloid illuminated , R
with sub-optimum feed.

Figure 2.27, Radiation patterns feor paraboloid illuminated with a

sub-optimum feed, f£/D = 0.33. '
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Figure 2.27¢ - H-plane pattern of 1.22 meter paraboloid illuminated
with sub-optimum feed.

Figure 2.27,

Radiation patterns for paraboloid illuminated with a

sub optimum feed,

£/p = 0.33.
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Figure 2.27f - H-plane pattern of 1.22 meter paraboloid illuminated
with sub-optimum feed.
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Figure 2.279g E-plane pattern of 1.22 meter paraboloid illuminated

with sub-optimum feed

Figure 2.27, Radiation patteras for paraboloid tlluminated with a
sub-optimum feed, f£/D = 9.33.
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Figure 2.27k - Co- and cross-polarized 45° plane pattexns of paraboloid
illuminated with sub-optimum feed.

Figure 2.27, Radiation patterns for paraboloid illuminated with a
sub-optimum feed, £/D = 0.33
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CHAPTER 3

THE SHORT-CUP COAXIAL FEED

3.1 INTRODUCTION

The short-cup coaxial feed shown in Figure 3.1 was investigated by
Kumar (Kumar, 1978). The experimentally optimized feed had the following
parameters: a = 1.3 cm., b = 3.075 cm., S = 1.6 cm., and T = 0 cm. This
feed produced a cross-polarization of -31 dB. at 8 ghz. and 8.5 ghz.,

-30 dB. at 9 ghz., and -26 dB at 9.5 ghz.

s oo
——g |

Figure 3.1 - Short-cup coaxial feed

A similar feed was built and the position of the split collar and
outer waveguide were varied (s and T parameters) so as to obtain equal
E- and H-plane patterns. The waveguide radii used were a = 1.27 cm. and
b = 2.54 cm. Since T is small and b is quite large the aperture is
excited by TEll' TMll' TE12' ;M12 circular waveguide modes when T 1s
non-zero. When T is zero the aperture is excited by the TE11 mode in the
i i d t igi d
inner gquide and by the TEll' TMll’ plus higher order TElm an TMlm modes

in the coaxial region. The theoretical analysis of this type of feed is

thus much more difficult to carry out than is the case for the dual-mode

feed.
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By experimental adjustment of the S and T parameters good symmetry
between the E- and H-plane patterns can be obtained over a 10-15%
frequency band. A cross-polarization of -30 dB. or better can be obtained.
The ultimate theoretical minimum cross-polarization and optimum feed
parameters have not been determined. It would be desirable to carry out
such an analysis since the short-cup feed does appear to have at least

twice the bandwidth that the long-cup dual-mode feed does.

3.2 SHORT-CUP COAXIAL FEED - RADIATION PATTERNS

For the chosen a and b parameters, namely a = 1.27 cm., b =2.54 cm.,
the best patterns were obtained with S = 1.27 ecm., T = 0 cm. Measurements made
on a feed with S = 0.95 cm. and T = 0.32 cm. gave almost as good results
for the cress-polarization and thus indicates that the S parameter is not
very critical. The measured peak cross-polarization as a function of

frequency is listed below for S=1.27 cm., T = 0 cm.

Frequency Maximum Cross-Polarization
8.5 ghz. - 10 dB.
9 ghz. - 31 dB.
9.5 ghz. - 28 dB.
10 ghz. - 27 dB.
10.5 ghz. - 27 dB.
11 ghz. - 12 dB.

The E-plane, H-plane, and 45° plane co-polarized and cross-polarized
patterns at 9, 9.5, 10, and 10.5 ghz. are shown in Figures 3.2a-d.

The E- and H-plane patterns exhibit a high degree of symmetry and based
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Figure 3.2a - E-plane, H-plane, and 45° plane co- and cross-polarized
patterns for short-cup feed.
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Figure 3.2b - E-plane, H-plane, and 45° plane co- and cross-polarized
patterns for short-cup feed.

Figure 3.2, Radiation patterns for short-cup feed.
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Figure 3.2c - E-plane, H-plane, and 45° plane co- and cross-polarized
patterns for short-cup feed.
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Figure 3.2d - E-plane, H-plane, and 45° plane co- and cross-polarized )
patterns for short-cup feed.

Figure 3.2, Radiation patterns for short-cup feed.
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on this symmetry the cross-polarization should have been smaller than
was measured. The cross-polarization in dB. is given by 20 log |E—Hl/2
where !E—H] is the difference in the E- and H-plane normalized pattern
amplitudes. A difference of 1/2 dB. at the -15 dB. level corresponds to
a cross-polarization of -45.5 dB. when there is no phase error in the
radiation patterns. When there is a phase difference in the E- and
H-plane patterns the cross-polarization will be larger. This is probably
the reason why the measured cross-polarization was larger than expected
from a consideration of the E- and H-plane amplitude patterns alone. It
was also noted during the measurements that placing absorber material
behind the feed resulted in lower cross-polarization being measured. There
apparently was significant interaction between the transmitting horn and
the feed which were spaced only 0.7 meter apart.

A noteable feature of the short-cup coaxial feed is that even though
the aperture is larger than that of the long-cup dual-mode feed the radia-
tion pattern is very close to that of the circular waveguide alone. This
seems to indicate that the modes in the coaxial region are weakly excited.
Measurements of the cross-polarization of the circular waveguide alone with
the same inner radius a = 1.27 cm. gave a peak cross-polarization of -25 dB.
at 9.5 ghz., -30 dB. at 10.5 ghz., and -14 dB. at 11 ghz. 1In view of these
features of the circular wavequide alone it can be expected that only rela-
tively small amplitude modes in the coaxial region will be needed to improve

the cross-polarization properties.

3.3 PARABOIOIDAL RADIATION PATTERNS - SHORT-CUP FEED

A 1.22 meter diameter paraboloidal reflector with £/D was illuminated
with the short-cup feed and the E- and H-plane as well as the 45° plane co-

and cross-poliarized patterns measured. These patterns are shown in

Figures 3.3a-i for frequencies 9.5 ghz., 10 ghz. and 10.5 ghz. The cross-
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polarization was not as good as for the long-cup feed, possibly because

1
E

of more interaction of the back radiation of the feed with the feed
support structure (the long-cup feed is more directional). The measured
peak cross-polarization was -28 dB. at 9.5 ghz., -21 dB. at 10 ghz., and

-19 dB. at 10.5 ghz. These values are considerably larger than would be

et et e e el aea o e e & e

expected based on the cross-polarization levels of the feed. It is

presumably caused by the feed support structure and its interaction with

the radiation from the feed.
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Figure 3.3a - H-plane pattern for paraboloidal reflector illuminated
with short-cup feed.

Figure 3.3, Radiation patterns of paraboloidal reflector illuminated

with the short-cup feed.
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Figure 3.3b - E-plane pattern for paraboloidal reflector illuminated

with short-cup feed.
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Figure 3.3c - 45° plane co- and cross-polarized patterns for paraboloidal
reflector illuminated with short-cup feed.

Figure 3.3, Radiation patterns of paraboloidal reflector iliuminated

with the short-cup feed.
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CHAPTER 4

CONCLUSIONS AND RECOMMENLDATIONS

The major findings of this study are:

A long-cup dual-mode feed can be optimized to have a center frequency
cross-polarization peak as low as -58 ds.

Over a 5% bandw dth the dual-mode feed has a cross-polarization peak
below -30 dB., a phase error of less than 10°, and an input VSWR of
order 1.1.

The dual-mode feed, when used to illuminate a 1.22 meter paraboloidal

reflector with £/D of around 0.4, will result in sidelobes below -30 4B.

and an aperture efficiency of over 70%. The peak cross-polarization

level will be comparable to that of the feed.

The short-cup coaxial feed can be optimized to produce low cross-
polarization (or order -30 dB. or less) over a 10-15% bandwidth.
For prime focus antennas designed for sidelobes and cross-polarization
below -30 dB. one must pay careful attention to the feed support
structure in order to achieve the desired characteristics.

Some of the recommendations for future work are:

Derive analytical solutions for the short-cup coaxial feed and
optimum design data. This feed has the advantage that the band-
width appears to be 10-15%.

Develop optimum feed support structures in order to achieve low
cross-polarization and sidelobe levels.

It would be desirable to repeat the cross-polarization measurements

on an antenna range that was carefully designed so as to enable

field strengths 60 dB. below the radiation maximum to be measured.
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APPENDIX A

SCATTERING MATRIX FOR BIFURCATION JUNCTION

The first stcp in determing the optimum feed dimensions is to solve
the problem of mode ccupling in the bifurcated waveguide shown in Figuce Al.
This problem can be formulated as follows: (1) Express the transverse elec-
tric and magnetic fields at the junction in terms of a series expansion

involving the TE. and TNln modes in each waveguide. (2) Make the trans-

In
verse fields continuous across the junction. (3) From the contin_ity
conditions use Fourier analysis to obtain algebraic equations for the mode

amplitudes. (4) Solve the infinite set of equations by the residue

calculus technique.

Region 3 r
Region 2
a 1 b
- - - - ~ »Z
Region 1

Figure Al - Birfurcated circular wavequide showing the three

different waveguide regions.
The following notation will be used:

1. Transversce clectric field of Tﬁln modes in regions 1, 2, 3 is

Al

PR - e i gt
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-
Transverse electric field of TMln modes in regions 1,2,3 is Eln'

E -
2n’ E3n'

. . . + + +
Tgln mode amplitudes in reglons 1,2,3 are as s b; , and cs where +

stands for incident wave and - for reflected or scattered wave.

) ) . + + +
TMln mode amplitudes in reglonns 1,2,3 are AE ’ B; , and c; .

< ptnae s

TEln propagation constants in regions 1,2,3 are Bln' d2n' 83n'

TMln propagation constants 1n regilons 1,2,3 are Yin’ Yo' Yan*

Cutoff wave numbers for TEln modes in the three regions are

k, .

kin’ k2n' 3n

1n

Cutoff wave numbers for TMln modes in the three regions are

2 .

2in lZn' 3n

in

It will be assumed that only the TEll mode can propagate in regions 1

and 3 while both TE., and TM, ., modes can propagate in region 2. It

11 11

is also assumed that prozagating modes are incident in all three regions.

The equaticns expressing the continuity of the transverse electric

field in the z = 0 plane is

¥ + b)e.. + (BL +BOE .+ ] (b e +B E. )
1 1'¢21 1P R T n€n " ®n "2n

(a, + al)e,, + A E .+ ) (a” e, +A_E ), 0<r<a
1A T Pt L e T T e T
(A1)
(b +che,, +C E +E (c e, +C. 3. ), ac<r<b
1 1" 731 1 731 n 3n n 3n'’

The equation that expresses the continuity of the transverse magnetic

field at z = 0 is

.

Fo A
0. . drd - e 2
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+ - > + - a-1l = - > A=l
(by = b))B 1€y + (B = BPY 5y By - nZZ (b Bon®an * BpYanFan
(-at +aD)B .S+ a§TIE L 2 (a_B +2 37 ), 0<¢r<a
L a8 v A, L n1n et ALYE
- (A2)
4+ -a s sl > —a-
(-cy + ¢ )Byieq; * G5By 2 (e Biean * o 3 3n" a<rc<b

The waveguide modes are normalized such that power flow is given by

2 + 42 o
1€, 172 lAn|,etc. In (2) B,, = B,,/k

+ ~
/2 |ag 21%o Y21 = Y1/%, etc-

Thus we have

a 2 k 2
I I ’él . 'éln r dr d¢ = -—‘;-—° (A3a)
o Jo n 1n
a 27 Y, .2
In in k
0 ‘0 o
b 2w R - ko Zo
J I e2n . ezn rdr d¢ = 8 (A3c)
0 0 2n
b 27 Y Z
2 B rardé = _2n o (A3d)
2n 2n k
0 0 o
b 27 - - k zo
0 a 3n
b 27 Y 2
2 .3 - 3n_o (A3f)
J I E3n EBn r dr d¢ = X
0 a [3)
1/2

where ko = 2w/xo and Zo = (uo/eo)
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We now introduce the following mode coupling coefficients:

[
Jz" ® et Sprdrde = £ (Ada)
0 ‘0 “
2m ra - -
I e Exn T dr d¢ = @ (A4b)
o ‘o
(2T (& - -
E, +e._rdrdp = & = 0 (Adc)
in 2m nm
‘0 o
2% ra - -
E ' Ey Tarads = F (A44d)
o Yo
27 (b - -
e, - e rdard¢ = g (Ade)
) 3n 2m nm
0 ‘a
2“ b -> -
I J € E,, Tar dd = v (A4f)
0 ‘a nm
P27 [b - - (Ad9)
E v e rdr d4 = g = 0 g
lo la 3n 2m nm :
P2 b
E . E dr d¢ = G (A4h)
EBn B:?m F nm .
‘0 a
The normalized mode functions are given by
a_x ¥ J (k ¢ X .~
- 2 t 1 lnr)cos [e) zo 1/2 :
e " ( 8 ) (AS5a)

In
" 2 2
\/ 3 (klna -1) Jl(klna)

wheredJliklnr)/d(klnr) = Jl(klnr) = 0 atr = a.
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v J.(2, r)sing Y, 2
E - t 1 1ln ( ‘: 0)1/2 (ASb)

ln o
,/ T ad (s, a)
2 In 1 ' 1ln

where Jl(llna) = Q.

->
. a, x vt Jl(kznr)cos¢ ( kc zo )1/2 (AS¢c)

e2n = 8
T 2.2 2n
f-z- (kznb 1) Jl(kznb)

where J. (k. b) = 0.

1 2n
v J. (&, r)sind Y Z
-> t 1 2n 2n ‘o 1/2
22n ( ko ) (a54d)
“ v
37 P Jy (£5P)
where Jl(f.an) = Q
-
a x 9V 2. .(k, r)cosé x 2 1/2
-g3n - 2 t "1 3n ( : o) (ASe)
3n
fn 2.2 2 2 2 2 172
2 [(k3nb -1)21(k3nb) (kana 1)zl(k3na)]
where zl(k3nr) = Jl(k3na)‘ll(k3nr) - Yl&k3na).11(k3nr) and
21(k3na) - zl(k3nh) = 0.
vV W (L, r)sind Y..2 .
z t1l 3n ( 3n o );/2 (ASE)
n r (b bW (L. b)) = (1, a W (L an1H? o
3 3n. 1 3n 3n 1 3n

= - !
where wl J1(£3na)Y1(13nr) Y1\9.3na)31(23nr)

and Wl (lana) = "1"‘3.1”’ = 0.
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‘ The derivation of the normalization constants will be illustrated
for (ASe) and (A5f). Consider (ASe) first for which
- b g2m .
& I = J J (a, x V2, cos¢) + (a, * V. 2, cos¢) r dr d¢
a 0
b 2w az 2
= I f( i cosd»)2 + .} sim&)zl r dr d¢
) dr b 4
a 0
2
b az 2
1,2 1
= % I [(¢ ar ) xr + T ] dr
a
az, b b zi 4 92
A L~ T L‘;‘ " tE ¥

. az »
upon integrating by parts once. Now z1 = 0 at r = a,p and g—; a a-;:-l- =

2

Zl ( T k3nr) SO

b b
2 2 ", 2 2 ' 1 2

I-n[ k3 2y T 4 = 2k3“r[(zl)dr(l—22)zll

a k. r a
3n
. k. 2 2 2 2 2 2
= 2 [(kSn b -1)zl(k3bb) (k 3na 1)21(_k3na)]

By using this result along with (A3e) we obtain (AS5e).

For (ASf) we have

[({ =—= sin¢) +(-—r-—)]rdrd¢

. b 2 dwl 2 wl cosé 2
dr
a

0

be aw W
1.2 1.2
- 'L[(dt R O G )_]rdr
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This is the same integral as evaluated earlier with the exception that

now wl = 0 at r = a,b so

1]

"
I = 2 (2 nb wl

L2
3 (231'10)] -

w ' 2
7 &y, a W (25 a)]

Let U(kr) and V(&r) be solutions of the following Bessel differen-

tial equations:

d du 2 1
ar x ar + (kr - c J U 0
d av 2 1
ar x + (L r - - ) Vv 0

The mode coupling coefficients involve three integrals of the following

type (after integration over ¢):

2

i = + = Jdr, TE to TE coupling

du(k.r) QduU(k.r) Uk, r)U(k. x)
1 2 i
I1 = J (Y

+ ]dr, T to TM coupling

. . dV(lir) dV(lzr) V(lir)V(lzr)
2 dr dr r

[ dv(Lr) du(kr) .
13 = J [U(kr) ~ar + V(2r) “ar Jdr, TE to T coupling

I1 and 12 are evaluated the same way. An integration by parts gives

dU(kzr) U(kir)U(kzr) dU(kzt)
I, = rulkr) 55— *J( r TUkyr) i Ty

Now use the differe. 'l equation to obtain
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du(k.r) 2
ar + k2 J U(kir)U(kzr) r dr

I1 = rU(kir)

dU(kzr) ) 3
= Y U(kir) 3r + 3 3
i

[kzv'(kzr)U(kir) - kiU'(kir)U(kzr)]

[k Uk, U (k,x) - kU(k,£)U" (k x) ] (A6a) ; ?

= U(kr)V(Lr) (A6b)

For I_. an integration by parts of one term gives 13 .

3

By using the above results the following expressions for the mode

coupling coefficients are obtained:

2 ]
e . 2% kln Kom ¥o2 7y Kom? (A7a)
nm 2 172 2 2 2 2...1/2 |
(kln )(BlnBZm) [(klna ~1) (k2mb 1)} Jl(k2mb) n
Y (1 a)
in L b(k1 a -1) J (2 b)
1/2
F - o 2z;(Y1nY§m) 22ma Jl(£2ma) (A7¢)
nm '
‘ (zln - 22m)k°ab Jl(lzmb)
2
. _ -2k°a z° k3nk2m Z (k a) Jl(kzma)
nm 2 1/2 _ 2 172
[(B3n82m)(k2mb -1)] [(k b 1)Z (k b) (k 1)zl(k3na)] Jl(k2mb)
x _3_%_5— (A74)
3n 2m
) '
Yom 172 21%3pn®9 Hon 1
nm '-220 (E—_ ) ' 1/2
3n 22 le(l b)[(k b 1)2 (k b)-(k a -1)2 3na)]

(A7e)




e
¥
oy

SRR L R T ) ¢

W EREIG VRN JGRRARR R v

ot e

ae  ORIGi:: o - ¢

OF POOR ( .o +ws
1/2 y

2..'2 1/2
w1 (13na)]

am o 22 2.2
K bRy ~2507, (2, D) [B°W, (2, b) - a

The equatio..s for finding the amplitude coefficients are obtained

-+ -+
from (Al) and (A2) by scalar multiplying by ©1n and Eln and integrating

over ¢ from O to a and over ¢ from O to 2n and then by scalar multi-

plving by :3n and E3n and integrating fromr = a to b and over ¢ from

0 to 21 . The results are:

k 2 o
6 O + ) - + - + - (aBa)
(an 61n+‘n) mz l(bmalm * bm)fnm + (anlm M Bm)cnn]

- Ylnzo v + -
A —~2« ] (8BS +B)F (A8K)
n Kk m 1lm m  nm
(o} m=1
ko ZO + - ™ . _ . _ (a8c)
3 (cn 6ln * cn) * Z [(bmcln * bm)gnm * (Bmsln * Bm)“mn]
3n m=] ..
c - 3n o _ z (8+ 61 + B)G (AB4)
n kg mey M m m  nm
< + + 1
+ - . " -B )Yy, £
(-a 8, +a )k Z mzl (b6, ~b )8y £+ B8y Br) Yot ngK,)] (ABe)
A; Z w . o
k = 2 (Bmslm’am)YZanm (A8f)
o m=)
. . + 1
+ - - - - 2
- - - - 8
(=c 8, *c )k 2, mgl (b 8, "0 Bonpm * (B8, ~B )Y nVinK) (A8q)
c_2 »
no + - =1 (A8h)
k * z (Bmélm-sm)y2mcnm
o) m=1
In these equations n = 1,2,3,--- and Gij equals zero except when imjy.

o
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A summary of the solution procedure is given below. The starting

point is the set of equations (A8) .

pDefine new amplitude coefficients as follows:

a /8 (kz a2-1) bm k. a J'(k a)

i & -B ln_ 1n , (A9a) b o= 2m 1 2m (A9Db)
§ 2 " / 2 p2
2k1n Bzm(kzmp -1) Jl(kZmb)
R LA (e Z.1)23 (ky b) - (a2 a 2122k, 8)] 1/2
3n 1l
<, = 3 (A9c)
(
2k3n zl.k3na)
. B 712'/2 3 (2, a) X -kzab A
B = ,  {(A9d) A = (A%e)
m n 1/2
12 b J (2 b) 2 Yin
c x%ab [(b/ )2w'2<z by-w' 2 (1, 172
L. n o a) Wy (83527771 73n (R9f)
n
172 '
2 Yan wl (£3na)
In terms of these new coefficients the system of equations become:
. -
. .~ ® (b 61m+b )B (B 61 B )
ab +a = (—= + m n B. 1} (Al0a)
ln n 1 82 -82 K k in
2m 1n o 1ln
~ Y (ats. +b- gimab ki (A10b)
Anéln B Zl (Bm51m+3m) -
Yom Y1n
. -
R - © (b 6, +b ) B (B s +B )
Yo seT = ) [ —Dm DR —nix n g, (A10c)
In n el e2 - 82 X k n
2m 3n ©o 3n
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A = (8%, +87) k% 2% ab
cy = Z mlm m © 2n (A104)
n 3n m=1 2 _ 2
Yom ~ Y3n

o - = o6, ) B, ., . K aLoe)
(-a. 6, +a ) = ] [ n__2T 4+ (B S, -B) ]

nln n =1 62 - B2 mlos m k2

2m 1n Y2m 1n
- = ~y - Yln lzmab k: (A10F)
Anyln = mZT ( (Bmslm‘am) Yzm 2 _ 2 ]
Yom Yin
© (6. -b]) B X

- - - - e Al0
(-cT8, 4c) = [—Dlm m 2m L ogs gy —ee ] (a109)

nlln n me1 82 - B2 m 1l m k2

2m 3n Y2m 3n
2 2
-~ ® - ~ koY L. ab
Cy. = 1 (s's -p) 23 & (A10h)
n 3n m1lm m Yzm 2 _ 2
Yam Y3n

'From the above equations, we now generate a new system of equations as

follows:

(Al0a) + (AlOe) gives

k
. - An o An o
S - e b;Glm bm o+ ( ko ’ Yam ) S- (ko Yom )
2, = g8 -~ 5.5 "Bl —7 . *Bh T 2 ) 1 (alla)
m=1 2m ln 2m 1n | 3 k
in in
(AlOa)~ (AlOe) gives
- 8 ) k
+
o -£+6 g- Bm61m ¢ in B YO ) ( in * YO )
o+ m 1lm m : o) am . o= 0 2m (Allb)
0% T 11 B, +8 * B -8B + 2 +B —— ]
m=1 2m 1ln 2m 1n k X
In 1n

bt b kbt e .
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(Al0c) + (AlOg) gives
+ - ( -8—3—x.‘. + :O_
287 = E ( o 6lm _ B . 5te kK, Yom
n m=1 BZm-BBn B2m+83n m-lm k2
3n
-b
26+6 - z ( mélm +bm . ?6 ko YZm
n 1ln m=]l 82m+83n B2m-83n mlm kz
3n
{(A10b) + (Al0f) gives
. - *s. 22 ab k> 22 ab k2
- m lm 2m [*) m 2m
2y, = [ + ]
m=1 Yom Tom™Y1n’ Yom Yom*Y1n!
= B's. 22 abx’ 8- 22 ap k°
0o = 2 [ mlm 2m . m  2m [+) ]
m=1 Y2m (Y2m+Yln) Y2m (YZm-Yln)
: (alod) + (AlOh) gives
. ® 8's. 22 abx® B 22 ab K’
ZC-Y = z [ m ln 2m [e] m 2m fe) ]
n’3n =l Yom Yom Yan Yom Tom*Yy,)
® ' 2% abk B 22 ab x°
} o = ] -mim_2m n'm®*
| mel Yom Yon*Y3n! Yom Yon™V3n!

'UA;HY‘
B3n ko
) ( -
- Y2m
+ B ° ]
m kZ
3n
{aAllc)
B3n ko
Y, Y (A114)
+ B, —— -
k3n
(Alle)}
(Al1lf)
(Allg)
(Allh)

‘ Consider a function Ql(w) withh pcles at w = Yomt *

zeroes at y, /Y, -

a - 2 2
Let Bm = Bm 22m ab kO/YZm .

Y21

, and with
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The contour integral over a closed circle C of infinite radius gives

{residue evaluation)

1 § Ql dw _ ™ Res Ql at Y2m i Res Ql at -Y21 (A126)
273 LYo ma Yom Yin Y21 1n
1 § Q v ) ® Res Q, at v i Res Q, at =Y, . Q. (oy. ) (Al2e)
23 L ml Yom in Y21 “"an 1" in
Examination of these equations with respect to (Al11f) and (Alle) shows that
:.. ) -~
Bm = Res Ql at Yom * Bmslm = « Res Q1 at - Yoy ZAnyln - - Ql(-yln)
Likewise
1 Q & i1l solve (Allg), (Allh) - ]
wi solve g)., ; = - - - b
2nj § w + Y3n with 2Cn73n Ql( Y3n)

C

The construction of Ql(w) will be given later.

The set of equations (Alle), (Allf) and (Allg) and (Allh) are of the form that

occur in bifurfacted parallel plate waveguides so tha solution procedure

was well known. The function Q1 will contain two arbitrary constants -
as dictated by the edge conditions, but only one incident mode amplitude

3
is specif:ed, namely 3:. Thus Q1 is not completely known and must still

be determined in part by the remaining equations in th2 set (All)}‘Equations

(Alla), (Allb), (Allc), and (Alld) are not of the type encountered before. It was

only when we discovered how to express these equations as a contour integral
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involving another function Qz(w) and how to relate Q1 and Q2 that the

whole system of equations could be solved.

below.

(Alla) and (Allb) can be written as

The procedure is summarized

“ 4 * - At 2 R 2
~- bm 51:\\ m Bmalm (Y2m81n+ko ) Bm (Yzmsln-ko) (Al3a)
a T '3, B BBl 3 o - v2) K2 ' B0 ik :
m= m in m oin (o) ° Yzm In o oYZn in
~+ " - 2+ 2 2w 2
2; s - [ bmslm _ bm - Bmslm (YZmBln-ko) Bm izzm81n+ko) (Al13b)
nln g, _+8 B, -B 3 2 .2 .2 3 2 2 ..2
m=1 2m 1n 2m 1n koab (ko yzm)kln kolb(ko Yzm)kln
Qz(w)
Intxoduyce ;Ej;i_ with thavxngpmles at EZm' -821 and zeroes at
o
Bln’83n but not at Bll' 831. Then consider the residue evaluation of the

following integral.

2
, ! Q, Q) (W) (B wk’)
7y § (w2-k?) (w8, ) " b Ky b
C o ln () ln ©
2
) Res Q2 at Bzm i Res Q2 at - 821 . Res Q1 at YZm(Blnyzm*ko)
72 7 .2 3 7 2 .2
mel (B -k ) (By =Bi)  (By ok ) (Byy+By ) el koab (kg <o Ky,
0. (B,.) 8 Res Q. at -v.. (B, y..-k°)
, 2211 _ 1 21 ""1n'21 o =g
2 2 3 7 2. .2
811 ko kOAb (ko-Y21) kln
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2, (+ k) Q,(*k ) (+ B8, +k )
provided —Z-———JZ-— - ; o ln_o
+ ko - Sln koab (ko-eln)(k°+81n)
Q. (k) -Q, (=k )
or Qk) = 2o, Q(-k) = —A—2
ko ab ko ab

The residues at the poles * ko must cancel and this relates Ql to Qz.

We also have

- Res 92 at Bzm ~y Res Q2 at - 821 . Q2 (Bll)
= R b - s - 2. W emem——
] B2 - k2 m B2 - k2 1 82 - k2
2m () 21 ° 11 o
L. A4
Bm = Res Q1 at Yom * Bmslm = - Res Q1 at - Yo,
Thus we see that the above solves {Al3b). Consider next
Q Q. (B,  w-k?)
1 § [ —2 .1 "1n o | dw
273 2_2 3., 2 2.2
c (w ko)(w+81n) koab kln (ko w )
) w Res 92 at 82m i Res Q2 at - 821 . Qz(-Bln)
2 2 2 2 2 2
el (BZm-ko)(B2m*81n) (821-ko)(821 8ln) (Bln ko)
®© -Res Q. at vy (v, B -kz) Res Q at - y__(y_..8 *kz)
. z 1 2m  2m1ln ‘o . 1 21 2171n o' _ 0
3 2 2 2 3 2 2 2
m=] koab k1n (k° - Y2m) koab kln (ko 721)

Lye
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-

~a +

- )
7 m o bim , %2 Pin
= - — 2 2
r=1 82m+81n 821 Bln Bln - ko
. B (y_8 -«2) BY5.  (y,,8, +k2)
. Z __m Yom"1n _ _mlm 21 ()
3 2 2 2 3 2 2
m=] koab 1n (k Y2m) kcab kln (ko'Yzl)
R Q,(-8,)
Thus 22 = S4_in .
n 52 _ k2
in o
Again we require the residues at + ko to cancel, thus

or

and

This is consistent with the previous relationship derived for Q1 and Qz.

2
Qi) . Q) (2k ) (48, Koko)
3
B koab(k -8 ) (k +8,)
0, (k )k (B k) @ k)
Q (k) = 3 =
kab (k_-8, ) kZab

(8 —ko)(-Ql(-kO))(-Bln-ko) -Ql(-ko)

1n

07k = 3 s 2

koab (ko-Bln)(ko+Bln) k_ab

(o]

Hence the above solves (Al3b).

~t
Q. (-B,) 2
.- -2c, =
We can also find 26 = —=>—233  and 1
n 2 2
B, -k
3n "o

constants. Thus Q1 and Q2 together contain 6 constants which can be deter-

mined in terms of the 4 incident mode amplitudes and the two relations

betwe

From a study of the edge conditions we find that Q2 has four unknown

en Q1 and Qz.




The function Ql(w) is given by

t ® (l-w/v, ) (l=-w/vy_ ) ; 3
‘ 0 = 7 1n 2Bk, + KW (a14) | 2
n=l (I-W/an) 21 ; ‘
with |
h(w) = exp (- %? (a &n % - C&n % )1
"
Let P, (w) be the infinite product in (Al4) and let P, (w) = P,(s)h(w) so

that

v
P.(w) (K, + K_w)
Q% = 1 12 (A15)

W+Y21

The function Q1 has poles at w = ,m=1]1,2, ~-=-- and zeroes

Yom ~ Y21

1/2

atw=y, ,Y e 1,2,---~ and has algebraic behavior like w

in 3

as |w| + = .

The function Qz(w) has poles at w = Bzm. -821, n=1,2,----, has

zeroes at w = Bln' 8 n=2,3 === and behaves like wl/z as

3n’

|w] = » . This function is given by

IR RRGPL IR ERHERL T ORIV INE,: )

MY
P, (w)
- 2 3 (A16)
Qz(w) w<+E (R1+R2w+R3w +R4w )
21
N
where P2 = Pz h, Ri are constants, and
4 (1°W/81n)(l-w/83n). 1 (Al17) Y {

A8

P2(W) =

(l-W/an) (1-w/821)
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Al8

With reference to the scattering matrix parameters siﬁ the
subscripts are chosen as follows (see Fig. A2). 1 refers to TE,,

mode in region 1, amplitude is a_., propagation constant is 8 1

1
2 refers to TBll mode in regior 2, amplitude is bl' propagation constant
821. 3 refers to Tgll mode in region 3, amplitude Sy propagation
constant 331, 4 refers to 1"11 mode in region 2, amplitude Bl'
propagation constant % The scattering matrix equation is
_— - - - a+ —
i | 1
- +
b1 b1 n5)
= Al
- [Sijl ot
1 1l
B, B,
1 1
: Region 3 T?ll cI e TEll vt
b ¥ -
J i Re‘hon l: TEll IW W bl Region 2
- N -
alw WIS Bl

~tr B

Figure A2 - Bifurcated circular waveguide.

In order to find expression for the S, ., four special cases are considered:

ij
+ + + +
I. al =], b1 = c1 = Bl = 0
S1p =8 r Sy by S5, %6+ S5 =B
+ +
I b1 = ], al = cl = B1 = 0
S.. = a, S..=b., S..=c. S._. =B,

B 1 it kB iy

b ) Do A AL s




el e o
L P L{

+ + +
III. ¢ 1, al = bl = Bl = 0

13
+ + + +
V. Bl =1, al = bl = Cl = 0

S. = a;. S..=b., S..=c¢C

The required equations are summarized below (notation and parameters

are given in earlier progress reports).

-

+ - 2 n=}l
3 fe121 T2 Q,(8)y))
11
. “y Residue Q2 at -821
b, = b /f - - =
1 1 =1 : 2
n=l 21
ot . Sne1 9083
1" €1 %= 5 2
31
;+ - Residue at - y
o e Y1 B Yy Residue O 21
By = By/osy ¥ T2 2 - = 7 2 -
121k°ab um=1 121 ko ab umr-l
PR T Sk 0
1" thml ) 2 K2
11
- Residue Q_ at 8
. 2 21
by =b)/fm = R
21 me]
R Sn=1 %2 "By
17 %=1 €1 5 2

31
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A20
. Y21 ;_ ) Yo, Residue Q1 at 721
1 2 2 - 1 2 2 -
221 %o @ %=1 221 ¥o 2 gy

Ql(ko) Ql(—ko)
Qz(ko) * 2 ' Qz(-ko) =T

k~ ab k_ ab

o )

Case I

From the conditions b; = cI = 0 we see that Q2 has a zero at

11 and no pole at - 821. Since BI = 0 also we require that Q1 does

not have a pole at - 721. Hence

v v

The equations that determine Kl’ Rl' and Rz are

Y

B. (8., 8
n=l 2 M1 . 2,y (g +Rrp ) = 1 (A19a)
2 B 1 7 R
2 k 31
11 ,
K, B, (+ k) X
AL o0 4 k) A3 g (Rp xRk =0 (A19b,c)
kx° ab ° 31
(o)
The matrix elements sil are given by:
£ B
L. =l 21 - (A20a)
S,, LB, e Qg (R R,8,,)
2k 31
11
s '-—!'——-—(l--B-z-l-)(Rﬂ?B | Residue b. at .. (A200)
21 2z By 1'% 2 21
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g
=Ly - - (A20c¢)
53, - Py, (-83)) (R =R A.)
31
Y,, K
S - 2 Residue B, at vy (A204)
a1 22 %% ab g 1 21
21 1
Case 1I

+ +
From a, =c = 0 we get that 92 has zerces at w = 811 and 831.

+
»

From Bl 0O we get that Q1 has no pole at w = =Yy

A,
o - x ; o - Pz (1-"/311)(1°W/831) (R
1 ' 2 w o+ 821

1 + sz)

The equations that determine Kl' Rl, and R2 are:

-l
!

w

w0

8
-2, A >(1+-Bi1-) (R = Bj8,) = 1 (A21a)
k f 11

21 m=] 31

k k
A - "o - "o
P (+k ) (1+ — ) (14 —— ) (R, + R k)
K % (+k ) 2 o 811 631 1l 2.0
—° . -0 (A21b,c)

Baa K,

+1
[

o N[
&

The scattering matrix parameters Si are given by:

811

\
; P, (-8,,) (1+ === ) (R,-R.B,.)
£ 2
C Lt 11 By, 1211 (a223)
12 2 .
11 i1~ B2

2

1 821 a1 Ry*RBy,

-
22 2 3
k21 fm-l | 11 31 21

X Residue ?2 at 621 (A22b)




ORIGINAL PAGE IS

A22 OF POCR o IALITY

g . B_(-8.)(1L + )R g

In=1 F2'7831 B, VR = RyBqy)
S32 3 (A22¢)

kyy (B3 - Byp)

Y.. K
S,, = 2l 1 Residue B. at vy . (A22d)
a3 2 2 1 21

ab o
21 o me=l

Case 111

From a; - b; = 0 we find that Qz has a zero at w = 811 and no

+ .
pole at w = - 821 . From Bl = 0 we get that Q1 has no pole at - 721.

Thus

" w
Q, KPP o, = Py (1 - EI; ) (R + sz)

The equations that determine K R,, and R_ are:

1" 1 2
g B
n=l % -3 - (A23a)
3 P2(831)(1 8 ) (R1 + R2831) 1
2 k 11
k3
KB (+k) K
TAL oo L ¥ k) QT ) (R ERK) = O, (A23b,€)
kX~ ab 11
o
The scattering matrix parameters si3 are given by:
£ . B (-8,.)(RB,,-R)

13 3
k11

AP A eSO s S 5T




LA H
LR

a23 U?‘Pﬁftgg~t

w e T
(1- 821 ) (R +R_B..)
f11 L2 3 (A24b)
S = - i .
23 Residue P2 at 821
2. ¢
21 "m=1
g B
- = . =l ¥ 31 - (A24c)
S33 7 FaltBy) 1+ g ) (RmRy8yy)
2k 11
31
[ = 21 K., Residue 3 at v, (A244d)
43 2 2 - 1 1l 21
2 k~ ab a
21 o mesl
Case IV
+ + +
From a, = b, = ¢ = 0 we get that Q. has zeroes at
1 1 1 2
w = 811 and 831 and no pole at w = =~ 821. Thus
B (K_+K_w)
\
9, = =~ . o =K a-F=)ra-5xr
w + YZl 11 31
The constants Kl' K2, and Rl are determined by:
‘21 B.(v,) (K, - Ky, ) = 1 | (R25a)
‘ 2 %2 ap 3 1721 YT RV
- 2l o m=1
- B, (+k ) (K, + K.k ) 3 k
2 L —o 17 20 LF(+k)(1F =2) (1% 2)Rr =0 (A25Db,)
¥ 2 2 -0 11 By 1
-, (Yo 2 k )k ab
E|
3
;‘ The scattering matrix parameters Si4 ‘are given by:
3 ‘
4

W.
g
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R 8
v 11
fn=1 P2(~811)(1 + 331 )Rl
[ = - (A26a)
14 k2
11
R ] 8
S S S (1 - 21 Y (1 - .Zl.) Residue B. at 8 (A26b)
24 k2. £ 81y B3y 2 21
21 "m=1
B
-~ Y 31
g P_(-8..)(1 + =— IR
n=]l 2 31 1l
S =" - 811 (5260)
34 k2
31
Y, (K +K. v, .)
S = 21 1 221 Residue 3 at vy (a264d)
44 2"2 k2 ab a 1l 21
21 ‘o mel Vo1

The scattering matrix parameters have been evaluated for
Ao = 2.5 cm (12 ghz.) as a function of the inner guide radius "a"
and outer guide radius "b" over a range of values corresponding to

TEll mode propagation only in regions 1 and 3 and to TEll and

TMll mode propagation in the large guide (region 2). The accuracy

and correctness of the computational program was verified by checking
that the scattering matrix is unitary for a lossless junction (power

conservation) i.e.

Since the junction is reciprocal sij = sji so only 10 sij parameters

need to be evaluated.
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sPERTURE SCATTERING PARAMETERS

This Appendix summarizes the formulas used to compute the aperture
scattering coefficients Fij and the radiated field. The formulas are
based on the solution given by Weinstein (Weinstein, 1969). After
suitable coordinate transformation, change in notation, and complex
conjugation (see Schilling. 1982, for detailed derivations).

The TE.. mode reflection coefficient is given by

11

K, (ko+8)2b2 , 2 (ko—B)z
r..=-2 M (8b) ( - 1 (81)
T TR o | TkEB

where B is the propagation constant and kC is the cutoff wave number.

The TMll mode reflection coefficient is given by

2
k 2 (k_+Y)
fy, = 2 L2 Gy (Ao e =2 ] (B2)

22 2
- 4 %
1-x oY

where Y is the propagation constant. The TE11 to TMll mode coupling
coefficient is given by
+8°
ko (ko £'b X (B3)

T = M (Bb)L (Bb) —
12 (8vy /2 (kzbz_l) 1/2 - 12

The function ¥ 1is given by

L_ (k_b) ,
4 (B4)

2k b M (k b)
o = O

The functions L and M are given in terms of integrals which were

evaluated numerically (see Schilling, 1982, for details).

Bl

e e p——
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4in e —
1 tn[-7j J, (b /kg - £2) Hi(b /kg - £2))
L (Bb) = exp-E—T { —_— 4ag  (B5)
- T . -
~o43 N g *+B
®+Jn 1’ ————— 2! T ———
) tnf-mj 3, (b k2-£2) H] (b /kg-zz )1
M_(Bb) = exp 5;5 [ : ag (B6)
-e+jn s+
.. . + > -jBz .
Let the incident TEll mode transverse field be dl ez1 e while the

incident TMll mode transverse field is DI 521 e-jVz with the modal

functions as defined in Appendix A. The radiated electric field is

then given by

B . + -jk r
Bg | _ | st O Eo,TE Eg, M G le ©° 57)
+ r
E:¢ 0 cos¢ E¢,TE E¢,TM D1
where
2k 2 1/2 kX kb kb
E =3 o 0 ) c o c X
- 2
8,TE n8 k -8 (kzbz_l) 1/2 1oy
M (Bb) J. (k b sin9)
= o (88a)
L (k b cos9) k b sin@
-0 o
: -5 2k°Zo )1/2 kcb kc M.(Bb)
$,TE ™8 (kzb2_1)1/2 ko—B M‘(kob cos6)
. - 8 7. (k b sin®
. x2 i (yo ) (1+ cosf) , 1 (ko 5inb) .
2 2{(B-k cosh) 1 + cosf
l-x fe)
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B3
i ZROZO )1/2 L__Wb) : XZ . (ko+~{) (1~ cos8) :
- Ty L_(kob cosB) 1-X2 2(Y-ko cosf)

J 1 (kob gin0)

kob k b sin® (B8c)
(o]
- 2k°zo )1/2 _L:(Y}o) Jl(kob sin®) 88)
] m™my 1_)(2 M (kob cosf) 1+ cos 6
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APPENDIX C

RADIATION FROM A CIRCULAR WAVEGUIDE (APPROXIMATE THEORY)

Radiation from a circular waveguide aperture meay be computed
from a knowledge of the tangential electric field or tangential magnetic
field on the z = 0 aperture plane. In practice the aperture field is
assumed to be that of the incident mode (or modes) in the circular guide
opening and zero outside this region. One then finds that the resultant
radiation pattern is somewhat dependent on whether only the aperture
electric field, or aperture magnetic field, or both are used in the

formulation.

Aperture Plane

Figure Cl - Radiation from a Circular Waveguide

In terms of the aperture tangential electric field the radiated field

is given by

-»> - 359- -jkor -»> . - .
E= - e [ag(f cos¢ + fysxn¢) + a¢cose(fycos¢ - £ sing)] (Cla)

->
where ft is the Fourier transform of the aperture electric f£ield. 1In

terms of the aperture tangential magnetic field the radiated field is

given by

Ccl
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N jk -jk r
- =2 ° 2 [: cosf(g cos$¢ - g _sing) - a
¢ o ;] Y x

2ny (9ysin¢ + qxcoson (Clb)

¢

where ;t is the Fourier transform of the aperture magnetic field. If both

the aperture electric and magnetic fields are used the radiated field is
the average of that given by (Cla) and (Clb).
Let e be the tangential electric field of an incident waveguide

mode. Then the corresponding tangential magnetic field is given by

-
h = Y a xe
w 2

where Yw is the mode admittance. 1f we assume negligible reflection at
the guide-free space junction and negligible higher mode excitation and

no fringing fields then

jk_x+jk y

?t - J eix,yde X ¥ axay
s
a
r jk_x+3k vy

Et o Bix,yle * Y axay
s
a
. .

= Yw az x ft (C2)

Thus g =-Y £ andg =Y f_ and the average of (Cla) and (Clb)
x w'y y w X

becomes
jk -jk ¥
<> o [a) -> .
E i ° (ae(l + onwcosG)(fxcoso + fysino,

-»>
+ ..(cose + zovw) (tycoso - fxsino)] (C3)

< T R e e e S
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In the radiation zone kx = kosinecos¢ and ky = kosinesin¢.

Radiation from TEll Mode

In a guide of radius b the normalized tangential electric field

of ihe TE mode is

11
X a_ x VI (k
+ o’ 172 22 ¢ Jy(k rIcose (C4)

L4 2__ 1/2
(3 (k:b 1012 3k b)

By using only the electric field in the aperture it is found that the

radiated field is given by

-jkor
jk e k 2
? - o oo ,1/2 T2 2 -1/2 2
E T ( 8 ) [ 2 (kcb 1)] (27 kc b) )
Jl (kobsine) - Jl (kobsine)
x lae 3 sin¢ + a¢cose >3 cosd ] (C5)
k k bsing) k -k sin" @
co c o

The relations (Cl),(C2), and (C3) may be used to find the radiated field

in terms of the aperture tangential magnetic field or in terms of both

- -+ .
e and h . 1In this case Zon B/Ro

Radiation From Tnll Mode

The normalized electric field of a TMll mode is

2y . )1/2 Vt Jl(icr)51n¢

[ ]
Tk, © b J. (¢ b)
c l ¢
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In terms of this field alone the radiated electric field is given by

-jk r
. o .
- Jkoe 2y zo 12 - 2wk°sme Jl(kobsinﬁ) ©n
E = (=) a8 3 .2 2
2nr o k* sin 8 - &
(o) c

Note that E’ = 0 and that E = 0 on the z axis. For the 'mn node

ZOY‘ = o/y where Yy is the propagation constant.

Co-polarized and Cross-polarized Radiation Patterns
1f both the aperture electric and magnetic fields are used to compute

FORRRNE

the radiation field then from the ‘rEn rode (apart from irrelevant

R

constants) the radiated field is given by

Ee = ql(e) sin¢ (C8a) )
= C8b)
E, q,(®) cosé (
where ,
q, = Yo 172 2 (1 + 2 cose) 7y (gbeind)
1 8 (kibz-l) 1/2 ko kobsxne
3,;
' *
- 59. )1/2 b ( 8 . cosd) J (kobsinﬁ)
2 8 ai-nt/? % k2 2
c 1 - -g- sin“e
ke
! 2 2 2
Jl(kcb) =0 , kcb = 1,841, B = ko kc
-+ -+ - R .
Let n, = aesin¢ + a¢cos¢ be a unit co-polarized vector and .

;2 = :ecoso -2 .sino is then a unit cross-polarized vector. The co- I

polariied radiation is givén by
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q,*q q,~9q
=+ _ 172 7172 (C9a)
E ny 3 3 cos2¢
while the cross-polarized field is given by
- 4,9

E.Kz - —13-2 sin2¢ (c9p)

and is a maximum in the ¢ = n/4 or plane. The principal E-plane

3n
4
pattern is given by qlte) and the principal H-plane pattern is given

by qz(e). The principal plane patterns and cross-polarized patterns

are shown in Fig's. C2-C7 for Xo = 2.5 cm. (12 ghz.) and different

1—
values of b.

The radiation pattern for the TMll mode, as computed using both the

aperture tangential electric and magnetic fields, is given by

= - 1 (CIO)
EB q3(9)sxn¢
where
b3 X sin® J.(kx bsin®)
q3=({-)1/2 (1 + =2 cost) 52—
o Y 22 - kg sin‘e

and Jl(lcb) = 0, lcb = 3.832, and 12 = kz - 22 . The radiation pattern

is shown in Fig. CB8.
I1f the patterns are computed using only the electric field in the

aperture then the radiation fields for the TEII mode are:

- § (Clla)
Ee pl(e)san

E, * P, (8)cosgcose (C11b)

where

+'rhe patterns shown in this Appendix were computed by Georg Karawas.

A L4 A 0




cé

8 -
(1 + ko cose)pl = 2ql

8
( ko + cose)p2 2q2

The E- and H-plane principal patterns are given by p1 and p2c036
respectively and the cross-polarized pattern in the ¢ = n/4 plane

is given by (p,;-p,cos8)/2. These patterns are shown in Figs. C2-C7 also.

The combined pattern from a TEll mode and a Tnll node of relative
amplitude a is given by (both tangential electric and magnetic aperture

fields are used in the computation)

Co-polarized pattexn

q,+3,-aq q,-q9,-aq

Cross—-polarized pattern

4,79,799, (C13)

el in2

E n2 3 sin2¢

Representative patterns are shown in Figs. C9-Cl4.
I1f only the aperture electric field is used then the cross-polarized

pattern is given by

(C14)

E-; . pl-pzcose-op3
2 2

This pattern is shown in Figs. C15-Cl7 for various values of a and b .

In (Cl4) (y + kocose)p3 = ZYq3 .

®




c7

Discussion of Results

The patterns for single mode radiation shown in Fig's. C2-C7 shiow
considerable differences between the two methods of evaluation (using
aperture electric field only or using both the aperture electric and
magnetic fields) for small values of b. This is due to the strong influ-
ence of the cos® factor as 0 approaches 90°. For the larger values of °
b (Fig's. C6 and C7) both methods give nearly the same results. For
single mode radiation the cross-polarized radiation is high, typically
between -20dB to -30dB. An exception is the case for b = 0.9 cm. where
the cross-polarized pattern (ql—qz)/z is at or below -40dB for most values
of 6 when the fields are computed using poth the electric and magnetic
fields in the aperture. However, in this case the waveguide is near cut-
off and the principal plane patterns are very broad so this is not normally
a useful feed for paraboloids with angular apertures of half-angular
openings of 75° or less.

The TM11 mode radiation pattern in Fig. C8 shows little variation with
the guide radius for b in the range 1.6 cm. to 2 cm. The on-axis field
is zero.

The co-polarized and cross-polarized radiation patterns for combined
TBll and TM11 mode radiation are shown in Figs. C9-Cl4. These patterns
are computed using both the electric and magnetic aperture fields. The
TMll mode amplitude is a while that of the TEll mode is unity. A

value of o around -0.4 gives very low cross-polarized radiation (~40dB

for b = 1.6 cm. and below -50dB for b = 2 cm.).




Figures C15-17 show the cross-polarized patterns computed by using
only the aperture electric field. Based on this theory the cross-
polarized radiation level is generally higher and a = -.4 is not the
best a value to use for all values of the guide radius b.

When the results of this approximate evaluation of the radiation
patterns and the cross-polarization is compared with the exact results
given in Chapter 2 it is seen that there is considerable error in the
cross—polarization patterns. The reflection of the TEll and TM11 modes
at the aperture could be taken into account and the formulas to use in
this case are given by Silver (Silver, 1949). However, the reflection

coefficients are known only after solving the problem exactly, in which

case the exact radiation patterns are then also known.
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